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CHAPTER 1 
INTRODUCTION 
1.1  Noncovalent Interactions 
In contrast to covalent bonds, noncovalent interactions involve more dispersed 
variations of electromagnetic interactions between molecules or within a molecule rather 
than sharing of electrons.1 Noncovalent interactions are involved in almost all biological 
processes. For example, they are critical in maintaining the three-dimensional structures 
of large biomolecules such as proteins and nucleic acids.2 Noncovalent interactions are 
usually weaker than covalent bonds. However, multiple noncovalent interactions often 
act cooperatively such that the cumulative effects can be significant and produce very 
stable geometries. Noncovalent interactions can be generally classified as being one of 
four types, electrostatic, π-effects, van der Waals forces, and hydrophobic effects.2 
These interactions are important considerations in drug design, the crystallinity and 
design of self-assembly materials, the synthesis of many organic molecules, and the 
structure and function of all biological systems3,4 
 
1.2 Electrostatic Interactions 
Electrostatic interactions occur between ions or molecules that possess 
permanent charges. Depending on the signs of the charges, electrostatic interactions 
can be attractive or repulsive. These interactions are also important in molecules with 
partially charged atoms.5 Hydrogen bonding interactions, which are mainly electrostatic, 
involve the interaction between a partially positive hydrogen atom and a highly 
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electronegative, partially negative oxygen (O), nitrogen (N), sulfur (S), or fluorine (F) 
atom.6 Correct hydrogen bonding interactions between nucleobases, also called base-
pairing interactions, are required for correct gene expression.7  
 
1.2.1 Metal-Ligand Interactions   
Metal cations are generally positively charged and act as electrophiles, seeking 
the possibility of sharing electron pairs with other atoms in the forms of electrostatic 
interactions or covalent bonds.8 Whether a metal-ligand interaction is electrostatic or 
covalent is mainly determined by the nature of the metal cation. Based on their 
abundance in biological systems, metal cations can be classified as bulk or trace 
elements. Bulk elements such as Na+ and K+ usually bind to biomolecules through 
noncovalent electrostatic interactions. They can either act as electrolytes to maintain 
osmotic pressures of body fluids or stabilize three-dimensional structures of large 
biomolecules.9,10 The size of the metal cation can has a significant impact on the nature 
and strength of binding due to the electrostatic nature of its binding interactions. In 
contrast, the size of trace metals (mainly transition metals) is fairly constant such that 
electronic structure has a greater influence on the binding. Metal cations with positive 
charges greater than one and a large ionic volume are also capable of binding to 
several ligands at the same time.8 As a result, ligand binding to trace metal cations is 
usually more covalent in nature and thus stronger than binding to bulk metal cations. 
The difference in the mode and strength of binding determines the functions of metal 
cations in biological systems. Based on the properties of the metal cations, their 
functions in biological systems can be classified as belonging to one of four categories: 
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those that trigger and control electron transfer processes, influence structures, catalyze 
biological reactions, or act as oxidation-reduction reagents.11 Alkali metals such as Na+ 
and K+ are two of the most important metals of living systems. They usually act as 
electrical charge carries that conduct nerve cell impulses by moving back and forth 
across cell membranes generating a potential across the membrane. These ions help 
communicate electrical signals in the nerves and heart.12 In addition, the heavier alkali 
metal cations, Rb+ and Cs+, share chemical similarity with K+ and are found to replace 
K+, causing potassium deficiency.13  Because they can bind where K+ binds at different 
accumulation rates14, rubidium and cesium isotopes are used in myocardial perfusion 
imaging,15 to locate and image tumors,16 and for cancer treatment.17 
 
1.2.2 Metal Cation-Nucleic Acid Interactions 
Nucleic acids are polymeric macromolecules that store genetic information.7 
Nucleic acids, which include DNA (deoxyribonucleic acid) and RNA (ribonucleic acid), 
are made from monomers known as nucleotides. A nucleotide is constructed of a ribose 
or deoxyribose sugar, a phosphate group, and a nucleic acid base. If the sugar is 2'-
deoxyribose, the polymer is DNA. If the sugar is ribose, the polymer is RNA. 18 
Basically, each nucleotide carries one negative charge such that the nature of nucleic 
acids is polyanionic. As a result, DNA and RNA always occur in combination with 
cations such that the negative charges are shielded to enable the formation of stable 
secondary structures. Metal cations carry out certain functions in DNA and RNA in 
various situations, including the maintenance of structural integrity, induction of proper 
folding, and enabling catalysis.8 For example, metal cations are necessary for the 
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stabilization of a wealth of nucleic acid structures—from canonical DNA double helices 
to non-Watson–Crick motifs such as guanine quadruplexes.19,20 It has been recognized 
that metal cations frequently bind to both the phosphate groups and the nucleobases of 
nucleotides in a concentration-dependent manner. As a consequence, there is a 
remarkable influence of the metal cation and its concentration on melting temperatures 
of double stranded DNA. At low concentrations, metal cations bind to the negatively 
charged phosphate group, neutralizing the negative charges and reducing the repulsion 
between neighboring nucleotide units, and therefore lead to thermal stabilization of DNA 
with all metal cations studied. However, at high concentrations, certain metal cations 
also bind to the nucleobases, causing unzipping of double helical structures.21 Given 
the increasing number of examples of how the binding of metal cations influence the 
structure and function of DNA and RNA, metal cation-nucleic acid interactions are 
currently of great interest.  
    
1.3 Hydrogen Bonding Interactions 
 As discussed earlier, electrostatic interactions are also possible between atoms 
that possess large partial charges. In the case of hydrogen bonds, a hydrogen atom 
covalently bound to a highly electronegative atom, such as N, O, S or F, has a large 
positive partial charge. It interacts with a second highly electronegative atom with a 
large negative partial charge. The opposite charges attract each other and the hydrogen 
atom that is covalently bound to the "hydrogen bond" donor atom comes very close to 
the "hydrogen bond" acceptor atom with its lone pairs.6 These hydrogen bonding 
interactions can occur between molecules (intermolecular) or within different parts of a 
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single molecule (intramolecular). Neutral hydrogen bonds are generally in the range 
between 5‒40 kJ/mol, stronger than van der Waals, but weaker than true covalent and 
ionic bonds.6 The strength of hydrogen bonds depends on the electronegativities of the 
donor and acceptor atoms, temperature, pressure, bond angle, and the local 
environment. However, ionic hydrogen bonds that involve protons are typically in the 
range betweem 20‒140 kJ/mol, much stronger than neutral hydrogen bonds due to the 
additional ion-dipole and ion-induced dipole interactions. Ionic hydrogen bonds are 
important in bioenergetics including protein folding, enzyme active centers, formation of 
membranes, proton transport, and biomolecular recognition.22 
   
1.3.1 Hydrogen Bonding Interactions in Proteins 
Hydrogen bonding interactions play important roles in determining the three-
dimensional structures of proteins and hence influence the physiological or biological 
roles of proteins. In the secondary structure of a protein, hydrogen bonds are present 
abundantly between the amide and carbonyl groups of the peptide backbone as well as 
polar functional groups (amides, acids, hydroxyls, amines) on the side-chains of all 
amino acids except for glycine, proline, alanine, valine, leucine, isoleucine and 
phenylalanine. Although cysteine and methionine contain sulfhydryl (S–H) groups, 
these form only weak hydrogen bonds. Even though these hydrogen bonds are 
relatively weak, they may still provide great stability to the secondary structures of 
proteins because they occur a large number of times. For example, when hydrogen 
bonds occur regularly between the carbonyl of residue n and the amide of residue n+4, 
an α-helix is formed, which is the most regular and prevalent of protein structures.23 
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However, when the spacing is smaller such that the carbonyl of residue n is hydrogen 
bonded to the amide of residue n+3, a 310 helix is formed. 24  The other type of 
secondary structure Pauling and Corey discovered is the β sheet.23 Unlike the α helix, 
the β sheet is formed by hydrogen bonds between adjacent protein strands, rather than 
between amino acid residues within a strand. In the tertiary structure of a protein, 
hydrogen bonds may also play a part through interactions between functional side 
chains of the amino acids of a polypeptide chain. 
Hydrogen bonding interactions are also linked to protein stabilization. The folded, 
native structures of proteins under physiological conditions correspond to a 
thermodynamic minimum, whereby the total energy of all of the interactions between the 
different components of the protein and solvent is more favorable in one particular 
conformation than in any other. This delicate balance can be altered by changes in 
intramolecular interactions such as hydrogen bonds. Recently computational studies 
have shown that protective osmolytes, such as trehalose and sorbitol, shift the protein 
folding equilibrium toward the folded state by modifying the hydrogen bonds in the 
protein hydration layer.25 
 
1.3.2 Hydrogen Bonding Interactions in Nucleic Acids 
As discussed in the previous section, nucleic acids are composed of nucleotides. 
Each nucleotide has three building block components, a ribose or 2'-deoxyribose sugar, 
a phosphate group, and a nucleic acid base. The primary nucleobases are cytosine, 
guanine, adenosine, thymine, and uracil, abbreviated C, G, A, T, and U. Thymine is 
found in DNA, whereas uracil is found in RNA.18 Formation of helical structures of DNA 
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and RNA is mainly due to the hydrogen-bonding (base-pairing) and base-stacking 
interactions between the nucleobases. In order to match the hydrogen bonds between 
carbonyl and amine groups of the complementary nucleobases, C pairs with G via three 
hydrogen bonds, whereas A pairs with T or U via two hydrogen bonds. These base 
pairs are called Watson-Crick base pairs. 26  The underlying hydrogen bond-based 
molecular recognition in base pairs is critical for encoding, transmitting and expressing 
genetic information.7  
The hydrogen bonding interactions between nucleobases in DNA and RNA can 
take place in diverse ways. Non-Watson-Crick base pairs allow DNA to form various 
three-dimensional structures other than double helices. For example, when the 
adenosine in a Watson-Crick base pair is rotated by approximately 180° about the 
glycosidic bond, it can still form two hydrogen bonds with the Watson-Crick (N3–N4) 
face of thymine, producing a Hoogsteen base pair. 27  However, the difference in 
geometry leads to quite different properties of Hoogsteen versus Watson-Crick base 
pairs. Hoogsteen base pairs usually exist as transient species that are in thermal 
equilibrium with standard Watson–Crick base pairs.28 They are often observed in DNA-
protein complexes, where proteins use binding interactions to shift the equilibrium 
between two geometries and favor Hoogsteen base pairs.29 Nucleic acid sequences 
that are rich in guanine are capable of forming a four-stranded structure called a G-
quadruplex through stacking of G-tetrads that arise from four Hoogsteen hydrogen-
bonded guanines. G-quadruplex conformations are stabilized by metal cations, 
particularly potassium, which sits in the central region between each pair of tetrads.30 
Previous studies have shown that these noncanonical G-quadruplex conformations 
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participate in the regulation of telomere structure, replication, transcription, and 
translation of DNA.31 
   
1.3.3 DNA i-Motif Conformations 
Double-stranded structures are the most commonly observed conformations for 
DNA molecules.  However, DNA molecules can adopt a multiplicity of conformations 
that may be correlated with different functional roles in biological processes.  Previous 
studies have shown that atypical DNA conformations are related to the expansions of 
repeated tri-nucleotide motifs, which lead to severe human diseases.32,33 Fragile X 
syndrome was the first triplet disease identified and is the most widespread inherited 
cause of mental retardation in humans. It has previously been shown that the unstable 
and abnormal expansion of the (CCG)n•(CGG)n trinucleotide repeat affects the Fragile X 
mental retardation 1 (FMR1) gene on the X chromosome, resulting in a failure to 
express the fragile X mental retardation protein (FMRP), which is required for normal 
neural development.34 Over the past several years, researchers have concentrated on 
the challenging task of identifying the mechanism through which the expanded 
trinucleotide repeat leads to abnormal cellular function.  The cause of the fragile X 
syndrome is often related to various non-canonical DNA structures that the single 
strands of (CCG)n as well as (CGG)n may adopt.33,35,36 The non-canonical DNA i-motif 
conformation was first discovered in 1993 by Gehring et al.36 and later in 
(CCG)n•(CGG)n trinucleotide repeats.37 Recent studies have shown the formation of a 
G-quadruplex within double-stranded regions38- 43 with the corresponding tract of the 
complimentary C-rich strands forming an i-motif.42,43 The secondary structure of the 
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DNA i-motif is a four-stranded structure in which two parallel-stranded DNA duplexes 
are zipped together in an anti-parallel orientation by intercalated proton-bound dimers of 
cytosine (C+•C).36  Since the discovery of the DNA i-motif, the biological roles of i-motif 
structures as well as their potential in pharmaceutical applications have drawn great 
attention.  Recent studies have shown that the structure of the i-motif is preserved in 
the gas phase when electrospray ionization (ESI) is used as the ionization technique,44 
indicating that gas-phase studies can indeed provide insight into solution-phase 
structures and functions.  
 
1.4 Motivation and Systems Investigated 
The nucleobases, one of the three building block components of nucleic acids, 
play important roles in storing and transferring genetic information. The chemical and 
structural features of the nucleobases affect their thermochemical properties and 
stabilities, and hence influence the structures, stabilities, and functions of nucleic 
acids.18  Among the five common nucleobases, this thesis focuses on cytosine.  
Theoretical calculations indicate that both cytosine and protonated cytosine can adopt 
various tautomeric conformations of similar stability.45- 62 Previous studies of uracil and 
uracil derivatives including methyl-, thioketo-, and halo-substituted uracils have shown 
that protonation, and to a lesser extent sodium cationization, preferentially stabilizes 
rare tautomers of the nucleobases in the gas-phase and hence alters the base-pairing 
patterns.63-65 Common modifications such as methylation or halogenation of cytosine 
are also found to alter the stability and function of DNA.66-68 
In the present work, experimental and theoretical studies are performed to probe 
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three factors that greatly impact the functional behavior of cytosine: binding of metal 
cations, protonation, and modifications. The experimental studies make use of infrared 
multiple photon dissociation (IRMPD) techniques to extract structural information, 
whereas threshold collision-induced dissociation (TCID) experiments are carried out 
using our custom built guided ion beam tandem mass spectrometer (GIBMS) to probe 
the energetics of metal cation binding and base pairing. Electronic structure calculations 
at several levels of theory are employed to determine the low-energy structures and 
energetics of all systems of interest and species related to their CID and IRMPD 
behavior. Five alkali metal cation-cytosine complexes M+(cytosine), where M+ = Li+, Na+, 
K+, Rb+, and Cs+ are examined here. By studying these complexes where the size of 
the alkali metal cation increases systematically, while the valence shell electron 
configuration remains the same, periodic trends in the nature of binding are elucidated. 
Effects of protonation and modifications are investigated by studying the proton-bound 
homo- and heterodimers of cytosine and modified cytosines including 5-methylcytosine 
(5MeC), 5-fluorocytosine (5FC), 5-bromocytosine (5BrC), 5-iodocytosine (5IC), 1-
methylcytosine (1MeC), 5-fluoro-1-methylcytosine (1Me5FC), 5-bromo-1-methylcytosine 
(1Me5BrC), and 1,5-dimethylcytosine (15dMeC). Structural features of these proton-
bound dimers are obtained from the IRMPD experiments, whereas the base-pairing 
energies (BPEs) and relative and absolute proton affinities (PAs) of the modified 
cytosines are extracted from the TCID experiments. Similar TCID studies are also 
performed on proton-bound homo- and heterodimers of 2'-deoxycytidine (dCyd) and 5-
methyl-2'-deoxycytidine (5MedCyd) to understand the effects of methylation on the BPE 
and to measure the PA of 5MedCyd. 
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1.4.1 IRMPD Action Spectroscopy of M+(cytosine) Complexes 
Tautomerization of the nucleobases at any stage of the replication process may 
alter the sequence or structure of the newly-formed dsDNA due to the underlying 
molecular recognition pattern.7 Therefore, comprehensive studies of the interactions 
between metal cations and isolated nucleobases in the gas phase are necessary to 
elucidate the effects of metal cation binding on the tautomeric states and stabilities of 
the nucleobases so as to understand the roles that metal cations play in biological 
systems and their influence on DNA replication processes.  In the present work, five 
alkali metal cation cytosine complexes, M+(cytosine), where M+ = Li+, Na+, K+, Rb+, and 
Cs+, are studied using IRMPD techniques to examine the influence of the size of the 
metal cation on the structure and tautomeric equilibria of cytosine. 69  In order to 
determine the conformation of the M+(cytosine) complexes accessed in the 
experiments, the measured IRMPD action spectra of these complexes are compared 
with linear IR spectra for the ground-state and stable low-energy tautomeric 
conformations of the M+(cytosine) complexes derived from theoretical calculations 
performed at the B3LYP/def2-TZVPPD level of theory. 
 
1.4.2 Alkali Metal Cation Affinities of Cytosine 
Binding of metal cations to the nucleobases can influence base pairing, base 
stacking and nucleobase tautomerism. Gas-phase condensation of dc discharge 
generated alkali metal cations and thermally vaporized cytosine (DC/FT) has been 
found to produce kinetically trapped excited tautomeric conformations of the 
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M+(cytosine) complexes, which influences their TCID behavior. Noncovalent interactions 
between cytosine and the alkali metal cations, Li+, Na+, and K+, were studied by Cerda 
and Wesdemiotis in the 1990s using the kinetic method where the M+(cytosine) 
complexes were generated by fast atom bombardment.70 However, the metal cation 
binding affinities they measured are much smaller than the theoretical values, likely 
indicating that excited tautomeric conformations of the M+(cytosine) complexes were 
accessed in the experiments. In order to elucidate the effects of the size of alkali metal 
cation on the strength of binding to the canonical diketo tautomer of cytosine, the 
binding affinities of Na+ and K+ to cytosine are re-examined here, and are extended to 
include Rb+ and Cs+ again using TCID techniques.71 Experimentally measured bond 
dissociation energies (BDEs) are compared to theoretical values calculated at the 
B3LYP and MP2(full) levels of theory using the HW*/6-311+G(2d,2p) and def2-TZVPPD 
basis sets. 
 
1.4.3 IRMPD Action Spectroscopy of Proton-Bound Dimers of Cytosine and 
Modified Cytosines.  
IRMPD studies of protonated adenosine and 9-methyladenosine have shown that 
methylation at the C9 position alters the dominant protonated form observed in the gas-
phase.72 However, analogue studies of the effects of modifications on the tautomeric 
stability of cytosine have not been reported. Therefore, a comprehensive study is 
needed to investigate whether common modifications influence the tautomeric equilibria 
of neutral or protonated cytosine, and whether alternative structures of comparable 
stability also exist for the proton-bound dimers.  In the present work, four proton-bound 
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homodimers, (5xC)H+(5xC), where x = H, F, Br, and Me, and three proton-bound 
heterodimers, (C)H+(5xC), where x = F, Br, and Me, are studied using IRMPD 
techniques to determine whether modifications of cytosine influence the structural 
properties and stabilities of its proton-bound dimers. 73  In order to determine the 
conformations of the proton-bound dimers accessed in the experiments, the measured 
IRMPD action spectra of these complexes are compared with linear IR spectra for the 
ground-state and stable low-energy tautomeric conformations of the proton-bound 
dimers derived from theoretical calculations performed at the B3LYP/6-31G* level of 
theory. 
 
1.4.4 Base Pairing Energies of Proton-Bound Dimers of Cytosine and Modified 
Cytosines and Proton Affinities of Modified Cytosines 
The stronger base-pairing interactions in C+•C proton-bound dimers as compared 
to the Watson-Crick G•C base pair are the major forces responsible for stabilization of 
DNA i-motif conformations.74,75 However, the influence of methylation or other 
modifications such as halogenation of cytosine on the strength of base-pairing 
interactions in the i-motif conformations remains elusive.  To address this, the BPEs of 
proton-bound homo- and heterodimers of cytosine and modified cytosines are 
determined using TCID techniques.74,75 The modified cytosines examined in this work 
include: 1Me, 4MeC, 5MeC, 15dMeC, 5FC, 5BrC, 5IC, 1Me5FC, and 1Me5BrC. 
Determination of the PAs and preferred protonation sites of the nucleobases contributes 
to the understanding of the chemical processes that DNA molecules undergo in the 
condensed phase.  However, to date, PAs have only been reported for C76,77 and 
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1MeC.78 In the current study, relative and absolute proton affinities of the modified 
cytosines are obtained from experimental data by competitive analyses of two primary 
dissociation pathways that occur in parallel for the proton-bound heterodimers of 
cytosine and modified cytosines. The measured values are compared with theoretical 
results calculated at the B3LYP and MP2(full) levels of theory using 6-311+G(2d,2p) 
and def2-TZVPPD basis sets to evaluate the ability of each level of theory for predicting 
accurate energetics. 
 
1.4.5 Base-Pairing Energies of Proton-Bound Dimers of 2'-Deoxycytidine and 5-
Methyl-2'-Deoxycytidine and the Proton Affinity of 5-Methyl-2'-Deoxycytidine. 
Our TCID studies of proton-bound dimers of cytosine and modified cytosines 
have provided insight into the effects of modifications on the strength of base-pairing 
interactions and the PAs of modified cytosines. The effects of modifications on the 
stability of DNA i-motif conformations can be rationalized as well.  However, in the 
present work, we extend the previous studies to slightly larger and more biologically 
relevant complexes, the proton-bound dimers of 2′-deoxycytidine and 5-methyl-2′-
deoxycytidine, to understand the effects of the sugar moiety on the stability of base-
pairing interactions in proton-bound cytosine base pairs and thus the DNA i-motif. 
Therefore, the BPEs of the proton-bound dimers of 2′-deoxycytidine and 5-methyl-2′-
deoxycytidine and the PA of 5-methyl-2'-deoxycytidine are determined using TCID 
techniques and the PA of 2'-deoxycytidine reported in the literature. The measured 
values are compared with theoretical results calculated at the B3LYP and MP2(full) 
levels of theory using 6-311+G(2d,2p) basis set to evaluate the ability of each level of 
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theory for predicting accurate energetics. Our previous studies on similar proton-bound 
dimers have shown that the B3LYP/def2-TZVPPD level of theory provide more accurate 
energetics. However, calculations for these systems at the B3LYP/def2-TZVPPD level 
of theory require computational resources beyond those available to us, therefore are 
not performed in this work.   
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CHAPTER 2 
EXPERIMENTAL AND THEORETICAL SECTION 
2.1 Instrument Overview 
 A schematic diagram of the guided ion beam tandem mass spectrometer 
(GIBMS) constructed in our laboratory is shown in Figure 2.1.1 The vacuum system 
comprises six regions: (1) ESI source–rf ion funnel–hexapole ion guide (ESI-IF-6P) 
interface, (2) the first differentially pumped chamber, (3) the second differentially 
pumped region, (4) the magnetic sector flight tube and third differentially pumped 
chamber, (5) the reaction chamber, and (6) the detector chamber. All regions are that 
are individually pumped by diffusion pumps with integral water baffles except for the 
ESI-IF-6P interface, which is pumped by a roots blower. Base pressures in the 
apparatus are in the low 10-8 Torr region. However, during operation, the pressure rises 
differently in different parts of the apparatus. Details of these various regions are 
provided in the following sections. 
  
2.2 ESI Source- RF Ion Funnel-Hexapole Ion Guide/Collision Cell Interface  
Figure 2.2 shows an electrospray ionization (ESI) source that has been 
developed for the GIBMS.2 A vacuum interface, including an rf ion funnel and hexapole 
ion guide/collision cell assembly, is coupled to the ESI source to ensure the production 
of thermal ions. The rf ion funnel hexapole ion guide collision cell (IF-6P) interface 
significantly improves  ion transmission efficiency and produces thermal ion beams with 
a narrow well-defined kinetic energy distribution.  
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2.2.1 ESI Source 
Ions are generated using a home-built ESI source2 similar in design to that 
developed by Moison et al.3 The relevant nucleobases, or nucleosides as well as alkali 
metal salts are dissolved in an approximately 50%:50% MeOH:H2O mixture to produce 
a solution that contains ~0.5–1 mM of each species. The solution is sent to a 35 gauge 
stainless steel (SS) ESI needle (Small Parts) by a syringe pump (Harvard Apparatus, 
PHD 22/2000). The flow rate of the syringe pump is typically held at ~0.8 μL/min. The 
ESI needle is operated at ~2.0 kV provided by a high voltage dc power supply 
(Glassman, model EQ5R240). The ESI needle is mounted on an XYZ translation stage 
(Line Tool Co, model A RH- ½” travel) for fine tuning of the needle position relative to 
the capillary tubing.  
The fine spray of droplets emanating from the ESI needle is visualized using a 
fiber optic illuminator (Cole-Parmer, WU-41723-00) and a light pipe (Cole-Parmer, EW-
41720-75), monitored with a CCTV camera (Panasonic, WV-BP330), and displayed on 
a CCTV monitor (Videology, 40VM9). Droplets emanating from the spray are transferred 
into the vacuum region through a capillary with 0.030” ID and 0.063” OD SS (McMaster-
Carr), which is held within a capillary tubing holder (CTH). The CTH is machined from 
0.063” ID, 0.375” OD SS tubing (Small Parts) and reamed out to an ID of 0.067” such 
that the 0.063” OD capillary tubing can be easily inserted. An entrance limiting orifice 
(ELO) is machined into a cap that slides over the entrance end of the CTH to further 
restrict the entrance of the 0.063” capillary tubing. A small-diameter (0.006”, 0.009”, or 
0.012”) hole is drilled at the center of the ELO. Under normal operating conditions, the 
0.009” hole is used to achieve good signal stability. The ELO18 is used to reduce the 
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gas load into the vacuum such that the diameter of the ELO depends on the pressure in 
the source interface region. 
The CTH is electrically isolated using PEEK thermoplastic material such that the 
entire capillary voltage is independently biased at 20–50 V, provided by a dc power 
supply (BK Precision, model 1623A). A heating tape (Omega, HTC-030) is used to heat 
the capillary to 90–200 oC if necessary. The heating tape is controlled by a variable 
autotransformer (Staco, 3PN1010) and the temperature of the capillary is monitored 
using a K type thermocouple through a thermocouple feedthrough (MDC, TC PWR K). 
A digital multimeter (Omega, HHM57B) readout is connected to the K type 
thermocouple for visualization. The capillary is approximately 4.0” long, and its exit is 
aligned flush with the first plate of the rf ion funnel. 
 
2.2.2. RF Ion Funnel 
The rf ion funnel2 is similar in design to that developed by Smith and 
coworkers.4,5 The rf ion funnel acts as a focusing device that facilitates efficient transfer 
of ions from the high pressure source region to the low pressure region of the mass 
spectrometer. The ion funnel consists of 88 0.020” thick brass ring electrodes that are 
isolated from one another by 0.020” thick Teflon sheets. The ID of the first 44 electrodes 
is 1.000” constantly, whereas the ID of the latter 44 electrodes decreases from 1.000” to 
0.094” to generate a linear taper. To generate a linear dc gradient across the ion funnel, 
a dc voltage is applied to the first and last plates of the ion funnel and all intervening 
plates is connected by a resistor chain. The entrance plate is held at ~40 V, whereas 
the exit plate is generally biased at ~5 V for the systems investigated here. Adjacent 
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electrodes receive equal and opposite phases of an rf signal with a peak-to-peak 
voltage operated in the range between 10 and 30 V, and is operated at a frequency in 
the range between 0.4 and 0.8 MHz.  The ions are then radially focused to the center of 
the ion funnel because of this oscillating field on the plates and the tapering of the 
lenses. 
A jet disrupter (JD), a 0.25” diameter metal disc biased at 15–25 V, is located 
~1.0” from the entrance of the ion funnel to prevent large droplets from the spray from 
depositing downstream on the hexapole ion guide. In order to prevent ions that have 
entered the hexapole from diffusing back upstream toward the ion funnel, a dc-only 
hexapole injection lens (HIL) with a 0.140” ID is implanted right after the last plate of the 
ion funnel. The voltage of the HIL falls between the voltages of the final ion funnel plate 
and the hexapole dc, which is typically held at ground potential.  
The circuit board, designed by an internet vendor (www.ExpressPCB.com), 
provides both rf and dc outputs, such that it requires only one electrical connection per 
plate. The circuit board uses surface-mount resistors (200 kOhm, 1/8 Watt, Size 1206, 
Allied Electronics) and capacitors (0.01 μF, 100 V, Size 1206, Allied Electronics).  
A home-built dc voltage divider that consists of a 75 V dc linear regulated power 
supply (Acopian Technical, model B75GT05) and a four-channel circuit provides four dc 
voltages for dc+, dc-, JD, and HIL, respectively. A 20 MHz sweep function generator 
(B&K Precision, model 4040A) provides the rf signal to the ion funnel, which is then 
amplified with an rf amplifier (Electronics & Innovation, model 240 L). A trifilar-wound 
ferritecore balun transformer with 100-ohm splits the signal from the amplifier into equal 
and opposite phases. The home-built balun consists of two stacked ferrite toroids 
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(Amidon Inc., FR-290-77) wrapped with 14-gauge magnet wire. 
 
2.2.3. RF Hexapole Ion Guide/Collision Cell 
Ions exiting from the ion funnel are thermalized in the hexapole ion guide by 
collisions with the background gases. The hexapole ion guide consists of six 0.125” 
diameter × 6.0” long SS rods (Small Parts), equally spaced on a 0.375” BC. Adjacent 
rods receive equal and opposite phases of an rf signal with a peak to peak voltage of 
~300 V and a frequency of 5.5 MHz. The rf signal is generated using an rf generator 
described by Jones et al.6 The dc offset of the hexapole was held at ground potential 
such that the ions pass through the hexapole region primarily via diffusion. 
The hexapole ion guide connects the ESI source vacuum interface region and 
the differential region. While running the ESI source, the pressure is ~50 mTorr in the 
source region, and 5–8 × 10-5 Torr in the differential region. These pressures ensure 
thermalization of the ions through a high number of ion/neutral collisions in the hexapole 
ion guide. The hexapole ion guide passes through the central of a collision cell. When 
necessary, collision gas, i.e., argon, helium, and nitrogen, can be introduced into the 
cell to facilitate thermalization of the ions. Other gases can be introduced into the 
collision cell for reaction with ions emanating from the ESI source, generally by 
adduction or ligand exchange to generate complexes not produced directly by the ESI 
source. 
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2.3 Differential Focusing Stage  
Ions are effusively sampled from the ESI source–rf ion funnel–hexapole ion guide 
(ESI-IF-6P) interface and are gently focused by a series of aperture lenses in the 
differential focusing stage (DFS). In order to avoid collisional heating that might 
internally excite the ions, lens in this region are typically held at low voltage. The DFS 
lenses have an open design to maximize gas conductance such that probability of 
collisional heating in this region is reduced. The pressure in the differential region is 
maintained at 5‒8 × 10-5 Torr by a 2000 L•s-1 diffusion pump with water cooled baffles 
(Edwards, Diffstak MK2 2250/2000P) during ESI operation. At this pressure, the 
probability of a collision in the differential region (assuming a cross section of 25 Å2) is 
only 0.2%. Differential pumping is maintained from the differentially pump region (FS1) 
by a 5.0 mm diameter aperture (Figure 2.1). 
 
2.4 Ion Beam Formation (FS1, Momentum Analyzer, FS2, and FS3)  
The beam formation optics are similar to those used in the GIBMS apparatus 
built by Armentrout and coworkers.7 Ions emanating from the DFS are handled by 
focusing stage 1 (FS1) (Figure 2.1). In FS1, ions emanating from the source are 
focused by a double aperture immersion lens and an einzel lens and eventually 
accelerated to the momentum analysis potential. An electrostatic quadrupole doublet 
lens re-shapes the beam from cylindrical to ribbon shape appropriate for momentum 
analysis. The beam is focused onto the entrance slit of the momentum analyzer by the 
quadrupole doublets. The source end of the instrument is isolated by a gate valve 
implemented on the flight tube of the analyzer (and biased at the mass analysis 
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potential during operation) for cleaning of the source region without venting the entire 
instrument. The pressure in the FS1 region is maintained at 1–2 × 10-6 Torr by a 700 
L•s-1 diffusion pump with integral water cooled baffles (Edwards, Diffstak MK2 
160/700P) during ESI operation. 
Differential pumping of the magnetic sector flight tube is maintained by the 
entrance slit of the momentum analyzer. The magnetic momentum analyzer is 
composed by a magnetic sector (Nuclide Corporation)  with a 1mm entrance and exit 
slit, a 30.5 cm radius ion flight path, and a 90° deflection angle (Figure 2.1). The flight 
tube is typically held at 2800 V. Under these conditions, the momentum analyzer acts 
as a mass filter that provides a mass range from 1 to 1500 Da and a mass resolution of 
approximately 500 (m/Δm fwhm) for ions with an initial kinetic energy spread of less than 
1 eV.  
After exiting the momentum analyzer, the ion beam is re-shaped back to 
cylindrical symmetry by a second electrostatic quadrupole doublet lens and focused by 
an einzel lens in FS2. A set of horizontal and vertical deflectors allows centering of the 
ion beam onto a 2 mm aperture, the entrance to the interaction region. This aperture 
also separates vacuum regions for differential pumping. The ions enter an exponential 
retarder, which is 9.8 cm long and consists of 31 evenly spaced plates (Figure 2.1). The 
retarder plate potentials are determined by internally connected resistors that establish 
an exponentially decreasing field.8 The last three plates are connected and their voltage 
controlled externally. These final plates serve as the first lens in a four element lens 
sequence, focusing stage 3 (FS3), which focuses the ions into the octopole ion beam 
guide. 
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2.5 Interaction Region  
The key part of the instrument is the interaction region (Figure 2.1), comprising 
an octopole ion beam guide surrounded by a gas reaction cell. The octopole radio 
frequency (rf) ion trap9-11 provides a radial effective potential well for highly efficient 
collection of ionic reaction products. The octopole comprises eight rods of 3.2 mm 
diameter × 27.9 cm long, equally spaced on a bolt circle of 11.7 mm diameter. Opposing 
phases of the rf potential are applied to alternate rods. The rf is generated using a high 
voltage rf generator described by Jones et al.12 The peak-to-peak amplitude of the rf 
potential is typically 300 V, which provides a trapping well of ∼2.83 V.13 The dc bias of 
the octopole and surrounding gas cell is also controlled in order to vary the kinetic 
energy of the ions. This voltage is controlled by a bipolar operational (Kepco, BOP-
100M) power supply under computer control.  
The octopole passes through a gas reaction cell, which locates midway along the 
length of the octopole. The gas cell is constructed by a 51 mm long × 51 mm diameter 
central body with smaller diameter 32 mm long × 17 mm extension tubes. The extension 
tubes spans from each end of the gas cell along the octopole rods to limit gas 
conductance from the cell.7 Two stainless steel (SS) tubes emanating perpendicularly 
from the gas reaction cell are electrically isolated from ground via glass to metal seals. 
These tubes are used to introduce the collision gas and measure pressure in the cell. A 
leak valve is used to control the gas pressure delivered to the cell. The collision cell 
pressure is measured using a capacitance manometer (MKS, Baratron 690A). 
Assuming a trapezoidal pressure profile,7 the effective cell length is estimated to be 8.3 
cm with a 10% uncertainty. In order to ensure that secondary collisions are minor 
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contributors to the observed reactivity, gas cell pressures are generally in the range of 
0.05 to 0.20 mTorr for cross section measurements. The collision gas is xenon because 
it is heavy and polarizable and therefore leads to more efficient kinetic to internal energy 
transfer in the CID process14-16  During operation, a pressure difference ratio of  
approximately 70:1 can be maintained between the reaction cell and the main reaction 
vacuum chamber, which is continuously pumped by a 2000 L•s-1 diffusion pump with 
water cooled baffles (Edwards, Diffstak MK2 250/2000P). To measure background 
signals arising from collisions that occur outside of the reaction cell, the gas flow can be 
diverted from the reaction cell directly to the main reaction vacuum chamber by 
switching remotely controlled electropneumatic valves on the gas inlet lines. In this 
configuration, the background pressure in the reaction chamber is the same as when 
the gas is flowing to the reaction cell. The effective length for background reactions is 
approximately twice as long as the reaction cell path length, resulting in a measured 
foreground/background ion intensity ratio of nearly 40:1. 
 
2.6 Quadrupole Mass Spectrometer and Ion Detector  
Ions drift towards the end of the octopole ion guide are extracted from the 
octopole and injected into the quadrupole mass spectrometer by a series of five lenses 
of cylindrical symmetry in focusing stage 4 (FS4) (Figure 2.1). The quadrupole mass 
spectrometer (Extrel, ¾” Tri-Filter Quadrupole Mass Filter, 150 QC RF/DC Power 
Supply) consists of rods that are 19 mm in diameter × 22.9 cm long. The 880 kHz rf 
voltage is generated by 150 QC power supply and with which the quadrupole mass filter 
can achieve a mass range that extends to up to 1000 Da. To achieve maximum 
  
 
 
30 
transmission of ions, the quadrupole is ordinarily operated at a fairly low mass 
resolution.  
Ions are extracted from the quadrupole mass filter and then focused into the 
detector focusing stage by a series of three lenses of cylindrical symmetry. Ions are 
detected using a secondary electron scintillation detector of the Daly type.17 The 
detector is held at an ion target potential of 28 kV during operation. This detector is 
used with pulse counting electronics to provide high counting efficiency and low mass 
discrimination. The scintillation photons are detected using a photomultiplier tube 
(Hamamatsu, R329-SEL). A constant fraction discriminator (Canberra, model 2126) 
discriminate the output pulses of the photomultiplier from noise. The output pulses are 
counted using a dual counter timer (Canberra, model 2071A) for digital data acquisition 
and visual displayed by a linear ratemeter (EG&G Ortec, model 661) during tuning of 
the ion beam. A linear counting response of the ion detection system can be achieved 
up to ~ 2 × 107 s-1. Combined with the low counting noise background, less than 10 s-1, 
it provides a dynamic range in excess of 6 orders of magnitude. 
 
2.7 Data Acquisition System 
The guided ion beam mass spectrometer is controlled by a desktop computer 
with a Pentium 133 MHz processor. Hardware functions are controlled by a commercial 
GPIB interface board (Keithley PCI-488) and a custom digital I/O board. The GPIB 
board provides a 12-bit resolution. It controls a Canberra dual counter timer 2071A 
(used in ion detection) and a Kepco BOP 100-1M power supply (used to control the dc 
voltage applied to the reaction region). The BOP can be operated at high or low modes 
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ranges from 0 to ± 100 eV or 0 to ± 10 eV, respectively. As a result, the minimum 
energy step size provided by the GPIB is 0.002 eV when below 10 eV and 0.024 eV 
above 10 eV. The digital I/O board has a 16-bit optically isolated DAC and two digital 
outputs connected to solid-state relay. The DAC is used to set the mass for the 
quadrupole mass filter. The minimum step size is 0.0153 Da. The two digital outputs 
control electropneumatic valves that deliver the neutral reactant gas to either the 
reaction cell or reaction chamber. The I/O board also interfaces to the baratron through 
a SCSI cable to obtain digital readout of the pressure. Lens potentials are powered by 
custom-built voltage dividers provided by standard dc power supplies. Gas flow rates 
are controlled manually using variable leak valves (Granville Phillips, model 203). The 
ion lens potentials in the instrument and gas flow rates need to be independent with ion 
interaction energy and are therefore not computer controlled.  
Two fully 32-bit multithreaded graphical user interface (GUI) programs have been 
developed for instrument controlling and data acquisition. These programs are heavily 
modified and enhanced versions of the DOS-based predecessors originally developed 
by Armentrout and co-workers.18 The programs are written in Compaq Visual Fortran 
Version 6.1A with lower level device interfaces written in C. The first program is 
MSCAN, which lets the quadrupole mass spectrometers scan at a fixed octopole 
interaction energy and records the intensity of each detected ions as a function of mass. 
The second program is EMP (energy, mass, and pressure), which scans the octopole 
interaction energy and records the intensity of the reactant and product ions as a 
function of octopole interaction energy. Both programs have real-time graphical displays 
and I/O windows, control panels, and color and symbol palettes. The control panel has 
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several functions: (1) requiring user input for instrument control and set up of a desired 
experiment, (2) reporting details and progress of the current experiment in real time, 
and (3) allowing changes to be made in the graphical display window during data 
acquisition. 
 
2.8 General Procedures  
 Measured ion intensities for the reactant and products are converted to absolute 
cross sections using Beer’s law. The experimental total cross section, σtot, is calculated 
using the equation 2.1. 
𝐼𝐼R = (𝐼𝐼R +  Σ𝐼𝐼P)𝑒𝑒−𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑛𝑛                                                              (2.1) 
where IR and IP are the measured transmitted intensities of the reactant and product 
ions, respectively, n is the gas density, and L is the effective cell length, individual 
product cross sections are calculated using the following formula.   
𝜎𝜎P = 𝜎𝜎tot �𝐼𝐼P ∑ 𝐼𝐼P � �                                                                         (2.2) 
Equations 2.1 and 2.2 presume that the sum of the transmitted reactant and product 
ions is equal to the incident ion intensity, i.e., I0 = IR+ ΣIP. Because of the 4π collection 
characteristics of the octopole, this relationship is valid as long as the ion intensities for 
all significant products channels are collected.  
Absolute uncertainties in cross section magnitudes are estimated to be ± 20%, 
which mainly result from errors in the pressure measurement and the length of the 
interaction region. Relative uncertainties are approximately ± 5%. 
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 Ion kinetic energies in the laboratory frame are converted to energies in the 
center-of-mass frame, ECM, using the formula, ECM = ELabm/(m+M), where M and m are 
the masses of the reactant ion and neutral Xe atom, respectively.  All energies reported 
below are in the center-of-mass frame unless otherwise noted.  The absolute zero and 
distribution of ion kinetic energies are determined using the octopole ion guide as a 
retarding potential analyzer, as previously described.7 The potential difference between 
the ion source anode and the interaction region (i.e., the dc voltage of the octopole) 
establishes the nominal laboratory ion kinetic energy. The ion beam intensity I0 is 
recorded as the dc voltage of the octopole is scanned through the ion energy zero, 
generating a retardation curve similar to that shown in Figure 2.3. This figure shows the 
ion intensity of the (15dMeC)H+(15dMeC) proton-bound dimer as function of laboratory 
energy.  Due to the space charge effect, the octopole also has the trapping 
characteristics that prevent dispersion of low energy ions. Furthermore, because 
reactions occur in the same region as the energy analysis, there is no difference in 
contact potential or ambiguity in the interaction determination. For the ESI-IF-6P source, 
the experimental energy distribution of primary ion, determined by the retarding energy 
analysis, is nearly Gaussian. A Gaussian curve fits to the experimental distribution from 
the retarding energy analysis is shown in Figure 2.4. The ion beam translational energy 
distribution was obtained by taking the derivative with respect to energy of the retarding 
energy analysis curve. The solid line is a fitted Gaussian curve via a least squares 
analysis to the data points. The apparent full-width-at-half-maximum (FWHM) from the 
retardation curve describes the width of the Gaussian fit. For most of the experiments 
performed here, the distribution of ion kinetic energies is nearly Gaussian with FWHM 
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typically between 0.2 and 0.5 eV (lab). The uncertainty in the absolute energy scale is ± 
0.05 eV (lab).  
Even when the pressure of the reactant neutral is low, it has previously been 
demonstrated that the effects of multiple collisions can significantly influence the shape 
of CID cross sections.19 Because the presence and magnitude of these pressure effects 
is difficult to predict, I have performed pressure dependent studies of all cross sections 
examined here. In the present systems, I observe small cross sections at low energies 
that have an obvious dependence upon pressure. We attribute this to multiple 
energizing collisions that lead to an enhanced probability of dissociation below 
threshold. Data free from pressure effects are obtained by extrapolating to zero reactant 
pressure, as described previously.19 Thus, results reported below are due to single 
bimolecular encounters. 
 
2.9 Thermochemical Analysis 
 The threshold regions of the reaction cross sections are modeled using 
equation 2.3.  
0 0( ) ( ) /
n
i i
i
E g E E E Eσ σ= + −∑                                                             (2.3) 
where σ0 is an energy independent scaling factor, E is the relative translational energy 
of the reactants, E0 is the threshold for reaction of the ground electronic and ro-
vibrational state, and n is an adjustable parameter. The summation is over the ro-
vibrational states of the reactant ions, i, where Ei is the excitation energy of each state 
and gi is the population of those states (∑gi=1). The populations of excited ro-vibrational 
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levels are not negligible even at 298 K as a result of the many low-frequency modes 
present in these ions. The relative reactivity of all ro-vibrational states is represented by 
σ0  and n, and is assumed to be equivalent. 
Several systems investigated here result in two CID reactions occurring in 
parallel and competing with each other. To properly account for competitive effects and 
extract accurate threshold energies from the measured CID cross sections, the modified 
model of equation 2.4 based on equation 2.3 was used to simultaneously analyze the 
thresholds for these systems. 
,00, ( *) 1
0
( *)
( ) 1 ( ) ( )
( *)
+ −
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E g e E d E
E k E
tσσ                     (2.4) 
The indices j refer to the individual dissociation channels and kj is the unimolecular rate 
constant for dissociation channel j calculated using Rice-Ramsperger-Kassel-Marcus 
(RRKM) theory, such that summing over all dissociation channels gives the total 
unimolecular rate constant (Σkj = ktot). The scaling factors σ0,j are ideally the same for all 
product channels, however, independent scaling is needed to accurately reproduce the 
cross section magnitudes in these systems. E* is the internal energy of the energized 
molecule after collision, E* = E + Ei - ΔE, where E and Ei are as defined in equation 2.3 
and ΔE is the energy that remains in translation after collision between the reactant ion 
and Xe. 
The Beyer-Swinehart algorithm20-22 is used to evaluate the density of the ro-
vibrational states, and relative populations, gi, are calculated for a Maxwell-Boltzmann 
distribution at 298 K, the temperature of the reactants. We have estimated the 
sensitivity of our analysis to the deviations from the true frequencies by scaling the 
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calculated frequencies to encompass the range of average scaling factors needed to 
bring calculated frequencies into agreement with experimentally determined frequencies 
as found by Pople et al.23,24 Thus, the originally calculated vibrational frequencies were 
increased and decreased by 10%. The corresponding change in the average vibrational 
energy is taken to be an estimate of one standard deviation in the uncertainty in 
vibrational energy. 
 Another consideration in the analysis of CID thresholds is whether dissociation 
of the activated proton-bound dimer occurs within the time frame of the experiment 
(~10-4 s).  If the lifetime of the activated complex exceeds this time frame, the apparent 
thresholds shift to higher energies, resulting in a kinetic shift.  Therefore, the data for all 
systems investigated were analyzed by incorporating statistical theories for 
unimolecular dissociation, specifically the Rice-Ramsperger-Kassel-Marcus (RRKM) 
treatment into equation 2.4 as described elsewhere.25, 26 This requires sets of ro-
vibrational frequencies appropriate for the energized molecules and the transition states 
(TSs) leading to dissociation. For the noncovalently bound species examined here, we 
assume that the TSs are loose and product-like because the interactions between the 
metal cation and cytosine or protonated and neutral cytosine nucleobases are largely 
electrostatic. In these cases, the TS vibrations used are the frequencies corresponding 
to the products. The transitional frequencies, those that become rotations of the 
completely dissociated products are treated as rotors, a treatment that corresponds to a 
phase space limit (PSL) and is described in detail elsewhere.25  
The model represented by equation 2.3 is expected to be appropriate for 
translationally driven reactions27 and has been found to reproduce CID cross sections 
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well.28- 32  The model is convoluted with the kinetic energy distributions of both 
reactants, and a nonlinear least-squares analysis of the data is performed to give 
optimized values for the parameters σ0, E0, and n. The error associated with the 
measurement of E0 is estimated from the range of threshold values determined for 
different data sets, variations associated with uncertainties in the vibrational frequencies 
(scaling as discussed above), and the error in the absolute energy scale, ±0.05 eV (lab).  
For analyses that include RRKM lifetime effects, the uncertainties in the reported E0 
values also include the effects of increasing and decreasing the time assumed available 
for dissociation (10-4 s) by a factor of two.  
Equation 2.3 explicitly includes the internal energy of the ion, Ei. All energy 
available is treated statistically because the internal energy of the reactants is 
redistributed throughout the accessible ro-vibrational energy states of the reactant ion 
upon collision with Xe. The threshold energies for dissociation reactions determined by 
analysis with equations 2.3 and 2.4 represent 0 K BDEs of the systems studied.33,34 
The accuracy of the thermochemistry obtained using these modeling procedures has 
been verified for many systems by comparing values derived from other experimental 
techniques and to ab initio and density function theory calculations. Absolute BDEs in 
the range from ~10 to 400 kJ/mol have been accurately determined using threshold 
collision-induced dissociation (TCID) techniques.35 
 
2.10 Conversion from 0 to 298 K. 
  To allow comparison to commonly employed experimental conditions, the 0 K 
M+-cytosine BDEs and (xC)H+(yC) BPEs determined here are converted to 298 K bond 
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enthalpies and free energies.  The enthalpy and entropy conversions are calculated 
using standard formulas (assuming harmonic oscillator and rigid rotor models) and the 
vibrational and rotational constants determined for the B3LYP/6-31G* or B3LYP/def2-
TZVPPD optimized geometries. 
 
2.11. FT–ICR MS–FEL Instrument Overview 
Infrared multiple photon dissociation (IRMPD) action spectroscopy experiments 
are performed using a Fourier transform ion cyclotron resonance mass spectrometer 
(FT-ICR MS) coupled to the free electron laser (FEL) or optical parametric oscillator 
(OPO) laser. A schematic diagram of the FT–ICR MS coupled to the FEL or OPO is 
shown in Figure 2.5.  
 
2.11.1 Free Electron Laser (FEL) 
Electrons generated by an electron gun are accelerated in a linear accelerator to 
relativistic speeds and injected into an undulator. The oscillating trajectory of the 
electron beam in the magnetic field results in the irradiation of the infrared beam. An 
optical cavity captures the light, such that freshly injected electrons can interact with the 
circulating light pulses to generate stimulated emission. The wavelength of the 
stimulated radiation is controlled by the FEL resonance conditions. The deviation from 
the straight path of the electron beam is determined by the magnetic field strength in the 
undulator. Higher magnetic fields induce greater electron deviation from the straight 
path, resulting in a longer resonance wavelength.  
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The output wavelength of the FEL depends on the strength of the magnetic field. 
Adjustment of the gap between the two arrays of magnets forming the undulator allows 
the strength of the magnetic field to be varied, and the wavelength of the irradiation to 
be tuned. The FEL has been described in detail elsewhere.36-38 
 
2.11.2 Fourier Transform Ion Cyclotron Resonance Mass Spectrometer 
IRMPD action spectra of five M+(cytosine) complexes, where M+ = Li+, Na+, K+, 
Rb+, and Cs+, and seven proton-bound dimers, (5xC)H+(5yC), where x, y = H, F, Br, and 
Me, were measured using a 4.7 T Fourier transform ion cyclotron resonance mass 
spectrometer (FT-ICR MS) coupled to a free electron laser (FEL) or optical parametric 
oscillator (OPO) laser source that is housed at the FOM Institute for Plasma Physics, 
Rijnhuizen, and has been described in detail elsewhere.36-38  All ions were generated 
using a Micromass “Z-spray” electrospray ionization (ESI) source. The alkali metal 
cation-cytosine complexes were generated from solutions containing 0.1–0.5 mM 
cytosine and 0.1–0.5 mM alkali metal chloride or alkali metal hydroxide in an 
approximately 50%:50% MeOH:H2O mixture.  The proton-bound dimers were generated 
from solutions containing 1 mM of cytosine and/or modifed cytosines and 1% (v/v) 
acetic acid in an approximately 50%:50% MeOH:H2O mixture. To enable assignment of 
the IRMPD bands that are not (well) predicted in the theoretical calculations, the IRMPD 
spectra of the d6-analogues of all proton-bound homo- and heterodimers except those 
involving 5BrC were measured as well.  The d6-analogues were generated using similar 
solution conditions as employed for the proton-bound dimers, but instead the 
nucleobase is dissolved in a 50%:50% MeOD:D2O mixture and 1% acetic acid-d4.  A 
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solution flow rate of 10–30 µL/min was used, and the ESI needle was generally held at 
a voltage of ~3 kV.  Ions emanating from the ESI source were accumulated in a 
hexapole trap for 4 to 5 seconds followed by pulsed extraction through a quadrupole 
bender and injection into the ICR cell by an rf octopole ion guide. Ions were decelerated 
by climbing the potential difference between the octopole ion guide and the ICR cell, 
and easily captured using a gated trapping technique in the ICR cell.37 The precursor 
M+(cytosine) ions were mass selected using stored waveform inverse Fourier transform 
(SWIFT) techniques and irradiated by the FEL at pulse energies of ~40 mJ per 
macropulse of 5 µs duration for 2–3 s, corresponding to interaction with 10 to 15 
macropulses over the wavelength range extending from 10.0 µm (1000 cm-1) to 5.5 µm 
(1820 cm-1) for the alkali metal cation-cytosine complexes to Li+, Na+ and K+, and from 
17.4 µm (575 cm−1) to 5.3 µm (1887 cm−1) for the complexes to Rb+ and Cs+.  The 
(5xC)H+(5yC) ions were irradiated by the OPO laser at pulse energies of up to 17 mJ 
per pulse of 6 ns duration at 10 Hz for 4–8 s, corresponding to interaction with 40–80 
pulses over the wavelength range extending from 3.85 µm (2600 cm−1) to 2.68 µm 
(3735 cm−1). 
For all systems, the IRMPD spectra were plotted as the IRMPD yield of the 
product ions as a function of wavelength.  An IRMPD yield was determined from the 
precursor ion intensity (𝐼𝐼𝑝𝑝) and the fragment ion intensities (𝐼𝐼𝑓𝑓𝑖𝑖) after laser irradiation at 
each frequency as shown in equation 2.5. 
IRMPD yield  ( )f p fi ii i
I I I= +∑ ∑                                                                   (2.5) 
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2.12 Theoretical Calculations  
To obtain stable geometries, vibrational frequencies, and energetics for the 
reactant ions, M+(cytosine) or (xC)H+(yC) complexes,  and their CID products, electronic 
structure calculations were performed using the HyperChem39 and Gaussian 09 
computational packages.40 The reactants may exhibit many stable low-energy 
structures, therefore potential low-energy candidate structures were obtained via a 300 
cycle simulated annealing procedure employing the Amber force field. A three phase 
annealing process was used, with each cycle beginning and ending at 0 K, lasting for 
0.8 ps, and achieving a simulation temperature of 1000 K. Heating and cooling times for 
each cycle were 0.3 ps each, allowing 0.2 ps for the ions to sample conformational 
space at the simulation temperature. Relative energies were computed using molecular 
mechanics methods every 0.001 ps. The most stable conformers accessed at the end 
of each annealing cycle were subjected to additional analysis. All structures within 30 
kJ/mol of the lowest-energy structure found via the simulated annealing procedure, as 
well as others representative and encompassing the entire range of structures found 
were further optimized using higher levels of theory. 
Geometry optimization and frequency calculations of the reactants and their CID 
products are performed at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, and MP2(full)/6-
31G* levels of theory. The def2-TZVPPD basis set41 is a balanced basis set on all 
atoms at the triple zeta level including polarization and diffuse functions.  The def2-
TZVPPD basis set was obtained from the EMSL basis set exchange library.42,43 
Relaxed potential energy surface (PES) scans were performed at the B3LYP/6-31G* 
level of theory to provide candidate structures for the transition states (TSs) for 
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dissociation of the ground-state conformations of the proton-bound dimers to produce 
O2-protonated, I+, products.  The actual TSs were obtained using the quasi 
synchronous transit method, QST344 at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, and 
MP2(full)/6-31G* levels of theory, using the input from the relevant minima (reactant and 
products) and an estimate of the TS obtained from the relaxed PES scans.  Single point 
energy calculations are performed were performed at the B3LYP/6-311+G(2d,2p), 
B3LYP/def2-TZVPPD, and MP2(full)/6-311+G(2d,2p) levels of theory using geometries 
optimized at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, and MP2(full)/6-31G* levels, 
respectively. Frequency analyses at the MP2(full)/def2-TZVPPD require computational 
resources beyond those available to us, therefore single point energy calculations 
performed at the MP2(full)/def2-TZVPPD make use of the B3LYP/def2-TZVPPD 
optimized structures. Because parameters for Rb, Cs, and I are not available in above 
basis sets, Rb and Cs were described using the effective core potentials (ECPs) and 
valence basis sets developed by Hay and Wadt45 with a single d polarization function 
(with exponents of 0.24 and 0.19, respectively) included when the 6-31G* or 6-
311+G(2d,2p) basis sets were used,46 whereas the valence basis set and ECPs 
developed by Leininger et al.47 were used with the def2-TZVPPD basis set. The I atom 
was described using the effective core potentials (ECPs) and valence basis sets 
developed by Hay and Wadt45 when the 6-31G* basis set was used, while the valence 
basis set and ECPs developed by Peterson et al.48 were used with def2-TZVPPD basis 
set. To obtain accurate energetics, zero point energy (ZPE) and basis set superposition 
error (BSSE) corrections were included. The BSSE correction was calculated using the 
counterpoise approximation method.49,50   
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Polarizability is one of the factors that contribute to the strength of the 
noncovalent interactions. The isotropic molecular polarizabilities of the ground-state 
conformations of the neutral CID products  (cytosine or modified cytosines) were 
calculated based on a dipole electric field at the PBE1PBE/6-311+G(2d,2p) level of 
theory, which has been shown to provide polarizabilities that exhibit better agreement 
with experimental values than the B3LYP functional employed here for structures and 
energetics.51  
For the analysis of the IRMPD spectra, linear IR spectra were generated from the 
computed vibrational frequencies and Raman intensities using the harmonic oscillator 
approximation and analytical derivatives of the energy-minimized Hessian calculated at 
the B3LYP/def2-TZVPPD level of theory for the M+(cytosine) complexes and B3LYP/6-
31G* level of theory for the proton-bound dimers. For comparison to experiment, 
calculated vibrational frequencies are scaled by a factor of 0.97 and 0.958 and 
broadened using a 20 cm-1 fwhm Gaussian line shape. 
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2.14. Figure Captions 
 
Figure 2.1. Schematic diagram of the guided ion beam tandem mass spectrometer. 
 
Figure 2.2. Schematic diagram of the electrospray ionization source-rf ion funnel-
hexapole ion guide/collision cell interface. 
 
Figure 2.3. Retarding potential analysis of the (15dMeC)H+(15dMeC) complex ion 
beam as a function of the laboratory ion kinetic energy. 
 
Figure 2.4. Kinetic energy distribution of the (15dMeC)H+(15dMeC) complex ion beam 
and Gaussian fit. 
 
Figure 2.5. Schematic diagram of the Fourier transform ion cyclotron resonance mass 
spectrometer (FT-ICR MS) coupled to the FELIX free electron laser (FEL) or optical 
parametric oscillator (OPO) laser. 
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CHAPTER 3 
IRMPD ACTION SPECTROSCOPY OF ALKALI METAL CATION-CYTOSINE 
COMPLEXES:  EFFECTS OF ALKALI METAL CATION SIZE ON GAS PHASE 
CONFORMATION 
Portions of this chapter were reprinted with permission from Yang, B.; Wu, R. R.; Polfer, 
N. C.; Berden, G.; Oomens, J.; Rodgers, M. T. IRMPD Action Spectroscopy of Alkali 
Metal Cation-Cytosine Complexes:  Effects of Alkali Metal Cation Size on Gas Phase 
Conformation J. Am. Soc. Mass Spectrom. 2013, 24, 1523. Copyright 2013 American 
Society for Mass Spectrometry. 
 
3.1 Introduction 
According to the central dogma of molecular biology, the genetic information 
stored in double-stranded DNA (dsDNA) is duplicated via production of two identical 
copies of the molecule. It has been well known that base-base recognition and hence 
proper base pairing are crucial to successful DNA replication.1 However, experiments 
have established that metal cation binding to the nucleobases can lead to formation of 
rare tautomers of the nucleobases.2- 11 In many cases, rare tautomers exhibit different 
hydrogen bonding characteristics such that their presence may induce formation of 
mismatched base pairs and lead to gene mutation. 12 , 13  Tautomerization of the 
nucleobases at any stage of the replication process may alter the sequence or structure 
of the newly-formed dsDNA.   
Previously, theoretical studies14- 31 have examined all possible tautomers of 
isolated cytosine and found that six lie relatively low in energy. The structures of these 
six low-energy tautomers of cytosine including the canonical tautomer of cytosine, C1, 
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found in DNA, are shown in Figure 3.1. However, IR matrix isolation32 and microwave 
spectroscopy 33  studies as well as theoretical studies of the unimolecular and 
bimolecular tautomerization of cytosine suggest that only the C1, C2 and C4 tautomers 
are generated upon thermal vaporization of cytosine.   
Theoretical calculations have shown that metal cation binding to cytosine may 
either stabilize a rare tautomer, or lead to the generation of a rare tautomer via binding 
to the major tautomer followed by a proton transfer reaction.34 However in most cases, 
the metal catalyzed stabilization of rare tautomers predicted by theory still awaits 
experimental validation. Recently, noncovalent interactions of cytosine with the alkali 
metal cations, Li+, Na+, and K+, were studied using threshold collision-induced 
dissociation (TCID) techniques, where the M+(cytosine) complexes were generated by 
gas-phase three-body condensation in a flow tube ion source.11 Both the ground-state 
M+(C1) structure and excited M+(C3) tautomeric conformations were accessed in the 
experiments.  Hence, the measured thresholds do not actually describe the binding in 
the ground-state M+(C1) structures. Thus, part of the motivation for the current work is to 
determine whether electrospray ionization (ESI) produces only the ground-state M+(C1) 
conformers, or if excited conformations are also accessed as observed for M+(cytosine) 
complexes generated by gas phase condensation of the alkali metal cation and 
thermally vaporized cytosine.11 Rb+ and Cs+ cations share chemical similarity with K+, 
and are found to replace K+, causing potassium deficiency. 35   Given these 
observations, it is of interest to explore the conformations of metal cationized cytosine to 
the heavier alkali metal cations, Rb+ and Cs+ as well. In the present work, we use 
infrared multiple photon dissociation (IRMPD) action spectroscopy to characterize the 
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tautomeric conformations of the M+(cytosine) complexes generated by ESI and to 
determine how they are influenced by the size of the alkali metal cation. Identification of 
the conformations present is achieved by comparison of the measured IRMPD spectra 
to linear IR spectra derived from electronic structure calculations of the stable low-
energy tautomeric conformations of the M+(cytosine) complexes.36 
 
3.2 Infrared Multiple Photon Dissociation Action Spectroscopy Experiments 
IRMPD action spectra of five M+(cytosine) complexes, where M+ = Li+, Na+, K+, 
Rb+, and Cs+, were measured using a 4.7 T Fourier transform ion cyclotron resonance 
mass spectrometer (FT-ICR MS) coupled to the FELIX free electron laser (FEL) source 
that has been described in detail elsewhere. 37 - 39  The alkali metal cation-cytosine 
complexes were generated using a micromass “Z-spray” electrospray ionization (ESI) 
and accumulated in a hexapole trap for several seconds followed by pulsed extraction 
through a quadrupole bender and injected into the ICR cell via a rf octopole ion guide. 
The precursor ions were mass selected using stored waveform inverse Fourier 
transform (SWIFT) techniques and irradiated by the FEL at pulse energies of ~40 mJ 
per macropulse of 5 µs duration for 2–3 s, corresponding to interaction with 10 to 15 
macropulses.  To enable assignment of the IRMPD bands that are not (well) predicted 
in the theoretical calculations, the IRMPD spectra of the d6-analogues of all proton-
bound homo- and heterodimers except those involving 5BrC were measured as well. 
Details of the experimental procedures and treatment of experimental data are given in 
Chapter 2. 
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3.3 Theoretical Calculations 
In previous work, Yang and Rodgers11 examined the low-energy tautomeric 
conformations of cytosine and its complexes with Li+, Na+, and K+ as well as the 
transition states for unimolecular tautomerization of these complexes by ab initio 
calculations using Gaussian 03. 40   Briefly, geometry optimizations and vibrational 
analyses were performed at the MP2(full)/6-31G* level.  Single point energy 
calculations were performed at the MP2(full)/6-311+G(2d,2p) level of theory using the 
MP2(full)/6-31G* optimized geometries. In the present work, geometry optimizations 
and vibrational frequency analyses of five alkali metal cation-cytosine complexes with 
the six low-energy tautomers of cytosine were carried out using Gaussian 0941 at the 
B3LYP/6-31G*, MP2(full)/6-31G*, B3LYP/def2-TZVPPD, and MP2(full)/def2-TZVPPD 
levels of theory. Single point energy calculations of the stable low-energy conformations 
were performed using the extended 6-311+G(2d,2p)42 basis set at the B3LYP and 
MP2(full) levels of theory, while the energetics for the calculations using the def2-
TZVPPD basis set were used directly. Zero point energy (ZPE) corrections were 
determined using vibrational frequencies calculated at the B3LYP and MP2(full) levels 
scaled by a factor of 0.9804 and 0.9646,43,44 respectively. 
For the Rb+ and Cs+ complexes, all conformations considered previously for 
K+(cytosine) were used as starting points for geometry optimizations and vibrational 
frequency analyses at all four levels of theory, MP2(full)/6-31G*_HW*, B3LYP/6-31G*_ 
HW*, B3LYP/def2-TZVPPD, and MP2(full)/def2-TZVPPD, where HW* indicates that Rb 
and Cs were described using the effective core potentials (ECPs) and valence basis 
sets of Hay and Wadt45 with a single d polarization function (with exponents of 0.24 and 
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0.19, respectively) included.46 The calculations that make use of the def2-TZVPPD 
basis set use the ECPs developed by Leininger et al. for Rb+ and Cs+.47   
IR spectra were generated from the computed vibrational frequencies and 
Raman intensities using the harmonic frequencies (scaled by a factor of 0.98) and IR 
intensities calculated at the B3LYP/def2-TZVPPD level of theory. Previous study has 
found that strength of binding in Li+(ligand) complexes predicted by theory are weaker 
than measured experimentally,11 and thus the frequencies for the Li+(cytosine) complex 
are scaled using a smaller scaling factor, 0.97. For comparison to experiment, 
calculated vibrational frequencies are broadened using a 20 cm-1 full width at half 
maximum (fwhm) Gaussian line shape. Details of the theoretical calculations are given 
in Chapter 2. 
 
3.4 Results 
3.4.1 IRMPD Action Spectroscopy 
Photodissociation of the M+(cytosine) complexes, where M+ = Na+, K+, Rb+, and 
Cs+, leads to loss of intact neutral cytosine and detection of the alkali metal cation for all 
four complexes, consistent with CID results for the complexes to Li+, Na+, and K+.11 For 
the Li+(cytosine) complex, the Li+ cation is too light to be detected efficiently, thus the 
IRMPD spectrum of the Li+(cytosine) complex is plotted as an inverted depletion 
spectrum, where the signal of the Li+(cytosine) complex is monitored and inverted. No 
fragments were observed suggesting that Li+ is the only ionic product formed upon 
IRMPD, consistent with CID results. For the other four alkali metal cation-cytosine 
complexes, the IRMPD action spectra are plotted as the IRMPD yield of the M+ product 
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cation as a function of wavelength, as shown in Figure 3.2. An IRMPD yield was 
determined from the precursor ion intensity (𝐼𝐼𝑝𝑝) and the fragment M+ ion intensities (𝐼𝐼𝑓𝑓) 
after laser irradiation at each frequency as shown in equation 3.1. 
IRMPD yield  ( )f p fI I I= +                                      (3.1) 
The IRMPD yield and the signal of the Li+(cytosine) complex were normalized linearly 
with laser power to correct for changes in the laser power as a function of the photon 
energy, i.e., the wavelength of the FEL. 
The IRMPD spectrum of the Li+(cytosine) complex exhibits two broad bands at 
1480 and 1635 cm-1. Comparison of the spectra in Figure 3.2 shows that the IR 
features observed in the Li+(cytosine) spectrum are retained for all five alkali metal 
cation-cytosine complexes, but that new IR bands begin to emerge for the Na+(cytosine) 
complex, and become obvious for the Rb+(cytosine) and Cs+(cytosine) complexes. The 
noncovalent interactions between the alkali metal cation and cytosine are weaker for the 
larger alkali metal cations, Rb+ and Cs+. Therefore, it is easier to fragment the 
Rb+(cytosine) and Cs+(cytosine) complexes, and leads to higher yields. The increase in 
IRMPD is slow from Na+ to Rb+, but becomes obvious for the Cs+(cytosine) complexes, 
and is consistent with the trend observed in the IR intensities predicted for the ground-
state tautomeric conformations of these complexes. The binding affinities of alkali metal 
cations to cytosine calculated at B3LYP/def2-TZVPPD level of theory are 285.1, 215.1, 
161.4, 143.3, and 131.8 kJ/mol for Li+, Na+, K+, Rb+, and Cs+, respectively. In addition, 
the ion intensities of the M+(cytosine) complexes that could be generated by ESI exhibit 
an inverse correlation with the strength of binding such that the signal to noise ratio 
(S/N) of the spectra for the larger alkali metal cation-cytosine complexes is much better 
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than that for the complexes to the smaller alkali metal cations, Li+, Na+, and K+. The 
most intense band for the Li+(cytosine) complex appears at ~1635 cm-1, and is fairly 
symmetric. As the size of the alkali metal cation increases from Na+ to Cs+, this band 
becomes increasingly asymmetric, and eventually exhibits an obvious shoulder to the 
red of the main band for the Rb+(cytosine) and Cs+(cytosine) complexes, suggesting 
that more than one mode contributes to this feature. The band at 1480 cm-1 in the 
spectrum of the Li+(cytosine) complex also red shifts as the size of the alkali metal 
cation increases even though the band is most red-shifted for the Na+(cytosine) 
complexes. Subtle differences that evolve for the complexes to the largest alkali metal 
cations, Rb+ and Cs+, include a rise in the intensity of several bands below 1400 cm-1 
that now make these features discernable from noise, whereas no discernable 
dissociation of the complexes to the smaller alkali metal cations was observed below 
1000 cm-1. Thus, the spectra for these two latter complexes were measured down to 
600 cm-1. In particular, bands are now observed at approximately 640, 790‒800, 1080‒
1110, 1210, 1270, and 1350 cm-1 in addition to the feature at approximately 1530 cm-1. 
 
3.4.2 Theoretical Results   
Theoretical structures for the M+(cytosine) complexes were calculated as 
described in the Theoretical Calculations Section. The optimized structures obtained for 
the Rb+(cytosine) complex of the six low-energy cytosine tautomers are shown in 
Figure 3.3. Relative free energies at 298 K of these tautomeric conformations including 
ZPE corrections calculated at each level of theory for both neutral cytosine and the 
M+(cytosine) complexes are given in Table 3.1. Based on reports in the literature, the 
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B3LYP/def2-TZVPPD basis set provides accurate energetics for similar alkali metal 
cation-ligand complexes. 48 , 49  Thus, the B3LYP/def2-TZVPPD values are used 
throughout the following discussion except as noted. The calculations indicate that the 
preferred binding sites for all five alkali metal cations to the low-energy cytosine 
tautomers involve bidentate binding to the carbonyl oxygen and N3 ring nitrogen atoms 
(O2N3) for C1 and C2, bidentate binding to the N1 ring nitrogen and carbonyl oxygen 
atoms (N1O2) for C3 and C6, and monodentate binding to the carbonyl oxygen atom 
(O2) for C4 and C5, as shown in Figure 3.3 for the Rb+(cytosine) complex. 
In all cases, the most stable structure of the alkali metal cation-cytosine 
complexes is the M+(C1) tautomeric conformation shown in Figure 3.3, where the alkali 
metal cation binds to the O2 and N3 atoms of the canonical amino-oxo tautomer of 
cytosine.  B3LYP results suggest that the amino-oxo tautomer, C1, is also the most 
stable tautomeric form of isolated cytosine. We note that the M+–O2 and M+–N3 
distances increase from 1.87 to 2.81 Å and 2.09 to 3.63 Å, respectively, as the alkali 
metal cation size increases from Li+ to Cs+. These changes directly reflect the increase 
in the ionic radius of the alkali metal cation (0.70 Å for Li+, 0.98 Å for Na+, 1.33 Å for K+, 
1.49 Å for Rb+, and 1.69 Å for Cs+),50 which leads to longer alkali metal cation-cytosine 
bond distances, and therefore weaker electrostatic interactions with cytosine. 
Interestingly, M+(C6) is the next most stable tautomeric conformation, and lies 16.7–20.1 
kJ/mol higher in Gibbs free energy than the ground-state structure, whereas in isolated 
cytosine, the C6 tautomer is the least stable structure among the six low-energy 
tautomers and lies 30.6 kJ/mol above the ground-state C1 conformer, indicating that the 
binding of an alkali metal cation stabilizes this tautomeric conformation by ~10‒15 
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kJ/mol.  The third most stable tautomeric conformation is the M+(C3) complexes, which 
lie between 47.9 to 38.7 kJ/mol higher in free energy than the ground-state M+(C1) 
complexes to Li+–Cs+, respectively. For the M+(C3) complex, the alkali metal cation is 
bound to the N1 and O2 atoms, with the O2 hydrogen atom oriented toward the 
adjacent N3 atom.  Rotation about the C2–O2 bond by 180° leads to a less stable 
tautomeric conformation, the M+(C2) complex, which lies 65.9 to 51.9 kJ/mol higher in 
Gibbs free energies than the ground-state structure, respectively. In contrast to that 
found for the C6 tautomer, alkali metal cation binding to the C2 and C3 tautomers 
significantly destabilize these tautomeric conformations (by ~45‒59 and ~29‒38 kJ/mol) 
as the C2 and C3 tautomers of isolated cytosine are computed to lie only 6.9 and 10.0 
kJ/mol in Gibbs free energy above the ground-state C1 tautomer, respectively. In the 
previous four tautomeric conformations (C1, C2, C3, and C6), the alkali metal cations are 
chelated with both oxygen and nitrogen atoms, leading to greater stabilization.  When 
cytosine is in its imino-oxo tautomer, the alkali metal cation binds via interaction with the 
O2 carbonyl atom. The lack of chelation results in weaker binding, and therefore the 
tautomeric conformations, M+(C4) and M+(C5), are the least stable among the six low-
energy tautomeric conformations. For the M+(C4) complex, the N4 hydrogen atom is 
oriented away from the adjacent N3 atom.  The M+(C4) complexes lie between 80.4 
and 56.8 kJ/mol higher in free energy for Li+–Cs+, respectively. Rotation about the C4–
N4 bond by 180° produces the least stable tautomeric conformation, the M+(C5) 
complexes, which lie 95.2 to 71.0 kJ/mol higher in Gibbs free energies than the 
analogous ground-state M+(C1) complexes. Again, alkali metal cation binding to the C4 
and C5 conformers significantly destabilizes these tautomers (by ~45 and 52 kJ/mol) as 
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these tautomers of isolated cytosine are computed to lie only 12.0 and 19.0 kJ/mol in 
Gibbs free energy above the ground-state C1 tautomer, respectively. 
The variation in the relative Gibbs free energies of the stable low-energy 
tautomeric conformations of the M+(cytosine) complexes as a function of the alkali metal 
cation is shown in Figure 3.4. For all five alkali metal cations, the relative Gibbs free 
energies of the M+(cytosine) complexes follow the order: M+(C1) < M+(C6) < M+(C3) < 
M+(C2) < M+(C4) < M+(C5), indicating that M+(C1) is the most stable tautomeric 
conformation, while M+(C5) is the lease stable. This stability order differs from that found 
for isolated cytosine using density functional theory (DFT) where C1 is found to be the 
most stable tautomeric conformation, while C6 is the least stable, such that their relative 
Gibbs free energies follow the order C1 < C2 < C3 < C4 < C5 < C6.14-31 Calculations at the 
MP2(full) level of theory produce a different ordering of the stabilities of the low-energy 
tautomeric conformations of cytosine and indicate that the amino-hydroxy forms, C2 and 
C3, are global minima or near global minimum structures, while C1 lies 5.9 kJ/ mole 
higher in free energy. In contrast, the relative energies of the six low-energy tautomeric 
conformations of the M+(cytosine) complexes follow the same order regardless of the 
level of theory used. The differences in the relative stabilities between the ground and 
excited tautomeric conformations generally decrease slightly as the size of the alkali 
metal cation increases, except that the relative stabilities of the M+(C6) tautomeric 
conformation barely changes, and there is an increase from Rb+ to Cs+ for the M+(C2) 
and M+(C3) tautomeric conformations.  However, even the first excited tautomeric 
conformation lies high enough in free energy above the ground-state M+(C1) tautomeric 
conformation that it is unlikely to be produced in measurable abundance at room 
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temperature, assuming that ESI produces an equilibrium distribution and that the 
computed energetics are reliable. 
  
3.5 Discussion   
3.5.1 Comparison of IRMPD and Theoretical IR Spectra of Li+(cytosine) 
Figure 3.5 shows the experimental IRMPD action spectrum as well as the 
calculated linear IR spectra for the three most stable tautomeric conformations found for 
the Li+(cytosine) complex. The calculated IR spectrum of the Li+(C1) tautomeric 
conformation exhibits very good agreement with the observed action spectrum.   All 
experimental bands have comparable theoretical frequencies and intensities, confirming 
that the ground-state structure is the dominant tautomeric conformation accessed in the 
experiments. The band observed at 1635 cm-1 corresponds to the carbonyl stretch, 
which explains its high intensity.  Overlap of the carbonyl stretching mode with NH2 
scissoring at ~1625 cm-1 and the combination mode at ~1670 cm-1 arising from coupling 
of the carbonyl stretch, NH2 scissoring, and N1‒H wagging results in the single broad 
band in this region.  The chelating interaction with the lithium cation leads to a red shift 
of this band as compared to that for free cytosine, calculated at 1720 cm-1 at the B3LYP 
level of theory. The experimentally observed band at 1480 cm-1 is the most diagnostic 
feature of the M+(C1) conformation, and arises from the overlap of two modes arising 
from C4‒N4 and N3‒C4‒C5 stretching. The position and the relative intensity of this 
band are in very good agreement with theoretical predictions. No other conformations 
are predicted to have an IR feature at this frequency. Optimistically, the weak bands at 
1100, 1210, 1360, and 1440 cm-1 also seem consistent with the measured IRMPD 
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spectrum in this region.  However, these bands are very weak such that their 
magnitudes barely exceed the noise level in the data and thus cannot be reliably used 
to confirm the presence of the Li+(C1) conformation in the experiments. 
Comparison of the calculated IR spectrum of the first excited tautomeric 
conformation, Li+(C6), to the IRMPD action spectrum suggests that the Li+(C6) 
conformer is not accessed in the experiments as there are several notable differences. 
The predicted CO stretch is blue shifted by a couple of wavenumbers and becomes 
narrower as compared to the measured IRMPD band at 1635 cm-1. The band predicted 
to occur at 1300 cm-1 is not observed in the measured IRMPD spectrum. The weak IR 
features measured at 1210, 1360, and 1440 cm-1 do not appear in the predicted 
spectrum, but again their intensities in the calculated spectrum are sufficiently small that 
they cannot be reliably used to confirm the presence or absence of the Li+(C6) 
conformation in the experiments. The calculated IR spectrum for the Li+(C3) tautomeric 
conformation exhibits a strong band at ~1630 cm-1 that corresponds to NH2 scissoring 
coupled with C2–N3 and C5–C6 stretching, which agrees with the most intense band 
measured at 1635 cm-1. However, red-shifting of the predicted CO stretch as compared 
to the measured IRMPD band is much more pronounced because its functionality has 
changed from keto to enol such that it now appears at 1430 cm-1, which does not have 
a comparable experimentally observed band. The calculations predict IR bands at 1535 
and 1180 cm-1, whereas no bands are observed at these frequencies in the measured 
IRMPD spectrum. Based on these differences, it is clear that the Li+(C3) conformation is 
also not accessed in the experiments.  Thus, the experimental IRMPD spectrum is well 
represented by that calculated for the ground-state Li+(C1) tautomeric conformation; no 
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evidence for the presence of excited tautomeric conformations in the experiments is 
observed. 
 
3.5.2 Comparison of IRMPD and Theoretical IR Spectra of Na+(cytosine) 
As can be seen in Figure 3.2, the IRMPD spectral features of the Na+(cytosine) 
complex are similar to those of the Li+(cytosine) complex. Subtle differences include 
broadening and a 10 cm-1 blue shift of the most intense peak from 1640 to 1650 cm-1, 
and a 20 cm-1 red shift in the band at 1480 to 1460 cm-1. Comparison of the measured 
IRMPD and theoretical linear IR spectra for the three most stable tautomeric 
conformations found for the Na+(cytosine) complex is shown in Figure 3.6. The 
calculated spectrum correctly predicts a 10 cm-1 blue shift in the band at 1640 cm-1, and 
a 10 cm-1 red shift in the band at 1500 cm-1 as the metal cation changes from Li+ to Na+. 
The very weak bands at 1180, 1360, and 1430 cm-1 observed in the IRMPD action 
spectrum are also correctly predicted by calculations for the Na+(C1) tautomeric 
conformation. It might also be noted that the two major peaks centered at 1640 and 
1460 cm-1 in the measured IRMPD spectrum are broadened due to the red shift of the 
band predicted at ~1620 cm-1 , the blue shift of the band predicted at ~1640 cm-1, and 
the blue shift of the band predicted at ~1520 cm-1 as the metal cation changes from Li+ 
to Na+. Again, the experimental spectrum is best represented by the spectrum 
calculated for the Na+(C1) tautomeric conformation; no evidence for excited tautomeric 
conformations is observed.  
Comparison of the calculated IR spectrum of the first excited tautomeric 
conformation, Na+(C6), to the IRMPD action spectrum suggests that the Na+(C6) is not 
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accessed in the experiments as there are several notable differences. The predicted CO 
stretch is blue shifted to 1655 cm-1 and becomes slightly narrower as compared to the 
measured IRMPD band at 1640 cm-1. The measured band at 1460 cm-1 is blue shifted 
by ~50 cm-1 and is predicted in much lower intensity in the computed spectrum. Most 
diagnostic difference indicating the absence of Na+(C6) in the experiments is the 
absence of the band predicted to occur at 1315 cm-1 in the measured IRMPD spectrum. 
Likewise, the weak IRMPD features observed at 1185, 1340, and 1410 cm-1 do not 
appear in the predicted spectrum.  The calculated IR spectrum for the Na+(C3) 
tautomeric conformation exhibits a strong band at ~1640 cm-1 that corresponds to NH2 
scissoring coupled with C2–N3 and C5–C6 stretching, which agrees with the most 
intense band measured at 1640 cm-1. However, red-shifting of the CO stretch is much 
more pronounced because its functionality has changed from keto to enol such that it 
now appears at 1435 cm-1, which does not have a comparable experimentally observed 
band.  The calculations predict IR band at 1555 cm-1, whereas no band is observed at 
this frequency in the measured IRMPD spectrum. The measured band at 1460 cm-1 
does not have a comparable predicted band in the computed spectrum for the Na+(C3) 
tautomeric conformation. Based on these comparisons, it is clear that the Na+(C3) 
conformation is also not accessed in the experiments. Thus, the experimental IRMPD 
spectrum is well represented by that calculated for the ground-state Na+(C1) tautomeric 
conformation; no evidence for the presence of excited tautomeric conformations in the 
experiments is observed. 
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3.5.3 Comparison of IRMPD and Theoretical IR Spectra of K+(cytosine) 
Figure 3.7 shows the measured IRMPD spectrum of the K+(cytosine) complex 
compared with theoretical predictions for the three most stable conformations 
calculated. The appearance of the measured IRMPD spectrum of K+(cytosine) is similar 
to that of Na+(cytosine). However, the most intense band is blue shifted as compared to 
that of the Li+(cytosine) and Na+(cytosine) complexes to 1660 cm-1, with a shoulder to 
the red becoming increasingly obvious. The broad band observed between 1440 and 
1520 cm-1 for Li+(cytosine) and Na+(cytosine) is also partially resolved into two bands. 
The calculated spectrum of the K+(C1) tautomeric conformation correctly predicts the 
evolution of these spectral features. The appearance of the shoulder to the red 
becomes increasingly obvious as a result of further red shifting of the band predicted at 
~1620 cm-1 and blue shifting of the band predicted at ~1640 cm-1. A further blue shift of 
the predicted band at ~1520 cm-1 results in the split of the broad band located between 
1440 and 1520 cm-1 in the measured IRMPD spectrum. The IR spectra of the K+(C6) 
and K+(C3) tautomeric conformations retain all of the bands that are seen in the lithiated 
and sodiated tautomeric conformations. Again, the predicted bands at 1315 and 1580 
cm-1 for the K+(C6) conformer, and the bands at 1220, 1430, and 1560 cm-1 for the 
K+(C3) conformer are the most diagnostic bands for these tautomeric conformations. No 
comparable bands are observed in the measured IRMPD spectrum at these 
frequencies, indicating that these two low-energy tautomeric conformations are not 
accessed in the experiments. Additional evidence includes the absence of a predicted 
band for both K+(C6) and K+(C3) tautomeric conformations that is comparable with 
measured IRMPD band at 1470 cm-1, and a red shift in the strong band predicted at 
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1640 cm-1 for the K+(C3) tautomeric conformation as compared to the measured IRMPD 
band at 1660 cm-1. Thus, only the ground-state K+(C1) conformer is accessed in the 
experiments. 
 
3.5.4 Comparison of IRMPD and Theoretical IR Spectra of Rb+(cytosine) 
Figure 3.8 compares the measured IRMPD spectrum of the Rb+(cytosine) 
complex with the theoretical linear IR spectra for the three most stable tautomeric 
conformations calculated. The appearance of the measured IRMPD spectrum of the 
Rb+(cytosine) complex is similar to that of the K+(cytosine) complex, but the S/N is 
vastly improved such that new features are clearly evident in the measured IRMPD 
spectrum of the Rb+(cytosine) complex. The most intense band corresponding to the 
carbonyl stretch is further blue-shifted to 1670 cm-1 as a result of the weaker binding of 
the heavier alkali metal cations to the carbonyl group. The band at 1630 cm-1 for the 
K+(cytosine) complex is red shifted by 10 cm-1 for the Rb+(cytosine) complex. The 
shifting of these two bands makes the shoulder to the red of the most intense band 
increasingly apparent.  In addition, it is clear that a new band at 1520 cm-1 appears in 
the measured IRMPD spectrum for the Rb+(cytosine) complex. As mentioned in the 
previous section, this low intensity band at ~1520 cm-1 exhibits overlap with the band at 
~1480 cm-1 for the smaller alkali metal cation-cytosine complexes, producing a broad 
band between 1440 and 1520 cm-1. As the size of the alkali metal cation increases, the 
band at 1480 cm-1 is increasingly red shifted and the band at 1500 cm-1 is increasingly 
blue shifted. Eventually, the broad band splits into two bands as seen in the measured 
IRMPD spectrum for the K+(cytosine) complex, and becomes easily distinguishable in 
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the spectrum for the Rb+(cytosine) complex. Weak bands in the region between 600–
1400 cm-1 become increasingly apparent, and are best represented by the spectrum 
predicted for the Rb+(C1) tautomeric conformation.  The calculated spectrum of Rb+(C1) 
accurately estimates the shifting in band positions and the new spectral features 
observed in the measured IRMPD spectrum. The predicted bands at 1315 and 1590 
cm-1 for the Rb+(C6) conformer, and the bands predicted at 1425 and 1555 cm-1 for the 
Rb+(C3) conformer are again the most diagnostic bands for these tautomeric 
conformations. No comparable bands are observed in the measured IRMPD spectrum 
at these frequencies, indicating that these two low-energy tautomeric conformations are 
not accessed in the experiments.  Additional evidence includes the absence of a 
predicted band that is comparable with measured IRMPD band at 1470 cm-1, and a red 
shift of 30 cm-1 in the strong band predicted at 1635 cm-1 for the K+(C3) tautomeric 
conformation as compared to the measured IRMPD band at 1665 cm-1. Thus, the 
Rb+(C1) tautomeric conformation is the only structure accessed in the experiments. 
 
3.5.5 Comparison of IRMPD and Theoretical IR Spectra of Cs+(cytosine) 
Comparison of the measured IRMPD spectrum of the Cs+(cytosine) complex with 
theoretical predictions for the three most stable tautomeric conformations is shown in 
Figure 3.9. Compared with the measured IRMPD spectrum of the Rb+(cytosine) 
complex, all of the bands are retained, but the positions and intensities of these bands 
continue to evolve with the size of the alkali metal cation. All bands grow in intensity as 
compared to those of the Rb+(cytosine) complex. The measured band corresponding to 
the CO stretch again appears at ~1670 cm-1, while and the shoulder to the red of this 
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band is even more evident. Other differences include further red shifting of the band at 
1470 cm-1, and blue shifting of the band at 1520 cm-1 as the metal cation changes from 
Rb+ to Cs+.  The calculated spectrum for the Cs+(C1) tautomeric conformation correctly 
predicts the shifting of the major IR bands. The minor features at 640, 720, 800, 1100, 
1210, 1260, and 1340 cm-1 are also present in the calculated spectrum for Cs+(C1). 
Furthermore, as observed for the other alkali metal cation-cytosine complexes, the 
diagnostic bands at 1315 cm-1 for the Cs+(C6) conformer, and the bands at 1435 and 
1600 cm-1 for the Cs+(C3) conformer, are not observed in the measured IRMPD 
spectrum. Additional evidence includes the absence of a predicted band that is 
comparable to the measured IRMPD band at 1470 cm-1, and a red shift of 35 cm-1 in the 
strong band predicted at 1635 cm-1 for the Cs+(C3) tautomeric conformation as 
compared to the measured IRMPD band at 1670 cm-1. Thus, it is clear that the only 
tautomeric conformation accessed in the experiments is the Cs+(C1) conformer. 
 
3.5.6 Comparison of IRMPD Spectra of the Alkali Metal Cation-Cytosine 
Complexes to the Protonated Cytosine Complex. 
The IRMPD action spectrum a of protonated cytosine, H+(cytosine) has been 
reported by Tortajada and coworkers. 51  The measured IRMPD spectrum of 
H+(cytosine) exhibits both similarities and differences as compared with the IRMPD 
spectra of the alkali metal cation-cytosine complexes. The most intense band for the 
H+(cytosine) complex is the band corresponding to NH2 scissoring at 1645 cm-1, with a 
shoulder to the red at 1622 cm-1. The CO stretch is red-shifted to 1600 cm-1, a shift of 
40 cm-1 as compared to that of the Li+(cytosine) complex, a result of the much stronger 
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interaction of the carbonyl group with the proton. The diagnostic band for alkali metal 
cation complexes at ~1480 cm-1 is also observed in the measured IRMPD spectrum of 
H+(cytosine), however, this band is blue-shifted to 1502 cm-1. In addition, the band at 
~1200 cm-1 is present at a higher intensity in the measured IRMPD spectrum of 
H+(cytosine) as compared to that of the Rb+(cytosine) and Cs+(cytosine) complexes. As 
a proton is a small singly charged cation, which exhibits similarities to the alkali metal 
cations, the trends in the shifting of these two bands are consistent with our previous 
observations, and correlate with the size of the cation. In addition, a band at ~1800 cm-1 
is observed in the measured IRMPD spectrum of H+(cytosine), which corresponds to a 
free C=O stretch. Comparison of the measured IRMPD spectrum to spectra calculated 
for the enol tautomer C1_hb (protonation at the carbonyl O atom) and oxo tautomer 
C1_hb (protonation at the N3 atom) indicates the presence of both tautomers under their 
experimental conditions. 
 
3.6 Conclusions 
The IRMPD action spectra of five M+(cytosine) complexes, where M+ = Li+, Na+, 
K+, Rb+, and Cs+, were measured using a Fourier transform ion cyclotron resonance 
mass spectrometer coupled with a free electron laser. The measured IRMPD spectra of 
all five alkali metal cation-cytosine complexes share similarities, but also exhibit 
systematic changes in the band positions as a function of the size of the alkali metal 
cation. Comparisons of the measured IRMPD spectra to linear IR spectra calculated at 
the B3LYP/def2-TZVPPD level of theory for the three most stable M+(cytosine) 
tautomeric conformations, M+(C1), M+(C3), and M+(C6), are made to determine the 
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species accessed under our experimental conditions. In all cases, it is clear that the 
only tautomeric conformation accessed in the experiments is the bidentate M+(C1) 
tautomeric conformation, in agreement with the predicted ground-state structures for 
these complexes. The combination of experimental and theoretical results provides 
insight into the influence of alkali metal cation binding on the relative stabilities of the 
various tautomeric forms of cytosine. In particular, the very strong binding to the C1 
tautomer as compared to the other tautomers ensures that only one tautomeric 
conformation of the M+(cytosine) complexes are accessed in the experiments, whereas 
multiple low-energy tautomers and in particular C1, C2, and C3 are competitive for 
neutral cytosine. However, quantitative determination of the strength of the binding in 
these ground-state alkali metal cation-cytosine complexes remains experimentally 
elusive. Thus, it would be useful to re-examine the M+(cytosine) complexes using 
instrumentation with the capability to determine thermochemical properties such as a 
guided ion beam tandem mass spectrometer equipped with an ESI source so that the 
strength of binding in the ground-state conformers can be accurately determined. Thus, 
these measurements are pursued in the next chapter, Chapter 4.  
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Table 3.1.  Relative Gibbs Free Energies of Neutral Cytosine and Alkali Metal Cation-
Cytosine Complexes at 298 K in kJ/mola  
System B3LYP/HW* MP2(full)/HW* B3LYP/def2- TZVPPD 
MP2(full)/def2- 
TZVPPD 
C1 0.0 5.5 0.0 0.8 
C2 3.9 0.0 6.9 0.0 
C3 6.9 2.9 10.0 3.1 
C4 9.6 12.4 12.0 10.1 
C5 16.3 19.8 19.0 17.5 
C6 28.5 35.0 30.6 33.0 
Li+(C1) 0.0 0.0b 0.0  0.0 
Li+(C2) 64.7 54.1b 65.9  66.1 
Li+(C3) 47.3 37.0b 48.0  49.1 
Li+(C4) 81.7 83.6b 80.4  81.4 
Li+(C5) 96.5 98.9b 95.2  98.1 
Li+(C6) 18.5 21.2b 19.3  21.8 
Na+(C1) 0.0 0.0b 0.0  0.0 
Na+(C2) 56.0 44.5b 57.9  54.8 
Na+(C3) 39.0 27.6b 40.5  40.1 
Na+(C4) 73.9 74.4b 73.5  71.4 
Na+(C5) 88.9 89.4b 88.3 87.8 
Na+(C6) 16.7 19.1b 16.7 19.4 
K+(C1) 0.0 0.0b 0.0 0.0 
K+(C2) 51.5 37.9b 51.9 52.1 
K+(C3) 35.5 22.5b 36.3 34.8 
K+(C4) 62.4 63.6b 61.3 60.2 
K+(C5) 76.9 78.3b 75.8 76.2 
K+(C6) 17.2 18.6b 17.3 19.8 
Rb+(C1) 0.0 0.0 0.0 0.0 
Rb+(C2) 52.0 47.7 49.2 47.2 
Rb+(C3) 34.9 30.0 35.0 33.3 
Rb+(C4) 63.1 58.1 57.7 56.0 
Rb+(C5) 78.6 73.9 72.0 71.9 
Rb+(C6) 15.3 23.2 18.0 21.4 
Cs+(C1) 0.0 0.0 0.0 0.0 
Cs+(C2) 50.1 43.2 49.5 46.8 
Cs+(C3) 33.7 22.4 36.4 34.3 
Cs+(C4) 58.3 50.1 56.8 55.3 
Cs+(C5) 73.2 65.7 71.0 70.9 
Cs+(C6) 15.9 20.4 20.1 23.9 
a Determined at the indicated level of theory including ZPE corrections.  b Values taken 
from ref.11. 
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3.8 Figure Captions 
 
Figure 3.1. B3LYP/def2-TZVPPD optimized geometries and relative Gibbs free 
energies at 298 K (in kJ/mol) of the six low-energy tautomers of cytosine. 
 
Figure 3.2. IRMPD action spectra of M+(cytosine) complexes, where M+ = Li+, Na+, K+, 
Rb+, and Cs+. 
 
Figure 3.3. B3LYP/def2-TVZPPD optimized geometries of the most stable Rb+ binding 
modes to each of the six low-energy tautomers of cytosine. 
 
Figure 3.4. Relative Gibbs free energies at 298 K (kJ/mol) calculated at the 
B3LYP/def2-TVZPPD level of theory of the six most stable tautomeric conformations of 
M+(cytosine) complexes as a function of the alkali metal cation identity. 
 
Figure 3.5. Comparison of the measured IRMPD action spectrum of the Li+(cytosine) 
complex with IR spectra for the three most stable tautomeric conformations of 
Li+(cytosine) complex predicted at the B3LYP/def2-TVZPPD level of theory.  
 
Figure 3.6. Comparison of the measured IRMPD action spectrum of the Na+(cytosine) 
complex with IR spectra for the three most stable tautomeric conformations of 
Na+(cytosine) complex predicted at the B3LYP/def2-TVZPPD level of theory. 
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Figure 3.7. Comparison of the measured IRMPD action spectrum of the K+(cytosine) 
complex with IR spectra for the three most stable tautomeric conformations of 
K+(cytosine) complex predicted at the B3LYP/def2-TVZPPD level of theory. 
 
Figure 3.8. Comparison of the measured IRMPD action spectrum of the Rb+(cytosine) 
complex with IR spectra for the three most stable tautomeric conformations of 
Rb+(cytosine) complex predicted at the B3LYP/def2-TVZPPD level of theory. 
 
Figure 3.9. Comparison of the measured IRMPD action spectrum of the Cs+(cytosine) 
complex with IR spectra for the three most stable tautomeric conformations of 
Cs+(cytosine) complex predicted at the B3LYP/def2-TVZPPD level of theory. 
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CHAPTER 4 
ALKALI METAL CATION BINDING AFFINITIES OF CYTOSINE IN THE  
GAS PHASE: REVISITED  
Portions of this chapter were reprinted with permission from Yang, B.; Rodgers, M. T. 
Alkali Metal Cation Binding Affinities of Cytosine in the Gas Phase: Revisited. Phys. 
Chem. Chem. Phys. 2014, 16, 16110. Copyright 2014 Royal Society of Chemistry. 
 
4.1 Introduction 
As mentioned in Section 1.2.2, the binding of metal cations influences the 
structures, stabilities, and functions of DNA and RNA.1- 3 Therefore, comprehensive 
studies of the interactions between metal cations and isolated nucleobases in the gas 
phase are necessary to understand the roles they play in biological systems, and may 
help elucidate their influence on DNA or RNA in condensed-phase processes.  Alkali 
metal cations have a low tendency to form covalent bonds, and thus are nonspecific 
binders.  Alkali metal ions such as Na+ and K+ are known to participate in various 
biological processes.  Alkali metal cations also have an inhibitory effect on the chain 
initiation process by RNA polymerases, which may in turn alter the extent and fidelity of 
RNA synthesis.4  Thus, in this study, we examine the noncovalent interactions between 
alkali metal cations and cytosine. 
Previously, theoretical studies5- 23 have examined all possible tautomers of 
isolated cytosine and found that six lie relatively low in energy.  Structures of these six 
low-energy tautomers of cytosine are shown in Figure 3.1.  Previous studies have also 
shown that thermal vaporization of solid cytosine results in a mixture composed 
primarily of the C1 and C2 tautomers, with a minor population of the C4 tautomer.21-24 
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The changes in the structure of cytosine that occur via tautomerization alter the nature 
and strength of the alkali metal cation binding interactions to each of the six low-energy 
tautomers.  As a result, the relative stabilities of the corresponding tautomeric forms of 
the M+(cytosine) complexes differ from that of the isolated cytosine tautomers.  
Noncovalent interactions between cytosine and the alkali metal cations, Li+, Na+, and 
K+, were studied by Cerda and Wesdemiotis in the 1990s using the kinetic method 
where the M+(cytosine) complexes were generated by fast atom bombardment. 25  
However, the metal cation binding affinities they measured are much smaller than 
theoretical values,17,18,23 indicating that either excited tautomeric conformations of the 
M+(cytosine) complexes are accessed in the experiments or the reference bases were 
not chosen properly such that entropy effects in the dissociation of the (Bref)M+(cytosine) 
complexes influence the abundance of the products resulting from the two competitive 
dissociation pathways, and hence limit the ability to extract alkali metal cation binding 
affinities using the techniques employed in that work. Later, Wesdemiotis and 
coworkers re-examined the sodium cation binding affinity of cytosine again using kinetic 
method, where the (Bref)Na+(cytosine) complexes were generated by electrospray 
ionization (ESI).26  The value they measured is in good agreement with calculated 
values for dissociation of the ground-state Na+(cytosine) complex.  Most recently, Yang 
and Rodgers examined the noncovalent interactions between cytosine and the alkali 
metal cations, Li+, Na+, and K+, using threshold collision-induced dissociation (TCID) 
techniques, where the M+(cytosine) complexes were generated by gas-phase three-
body condensation of dc discharge generated M+ and thermally vaporized cytosine in a 
flow tube ion source (DC/FT). Based on the measured thresholds for CID of the 
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M+(cytosine) complexes, the calculated bond dissociation energies (BDEs), and the 
barriers to tautomerization for the low-energy tautomeric forms of M+(cytosine), it was 
concluded that tautomerization occurs during both gas-phase complex formation and 
CID such that the experimental dissociation energies did not correspond to the global 
ground-states on the potential energy surfaces.23  
In the case of the M+(cytosine) complexes, where M+ = Li+, Na+, and K+, the 
ground-state M+(C1) structure does not control the threshold CID behavior when these 
complexes are generated by DC/FT. In addition, the heavier metal cations, Rb+ and 
Cs+, can bind where K+ binds at different accumulation rates27, rubidium and cesium 
isotopes are used in myocardial perfusion imaging,28 to locate and image tumors,29 
and cancer treatment.30 Despite of the important applications of rubidium and cesium in 
the biological and medical fields, the number of systems with available rubidium and 
cesium cation binding affinities is much smaller than those for sodium and potassium 
cations.  Thus, it is of great importance to extend previous studies on alkali metal 
cation-cytosine complexes to include Rb+ and Cs+. The infrared multiple photon 
dissociation (IRMPD) action spectroscopy studies of the M+(cytosine) complexes 
described in Chapter 3 suggest that only the ground-state M+(C1) conformation is 
accessed for all five ESI generated M+(cytosine) complexes.31  Therefore, the binding 
affinities of alkali metal cations to cytosine are re-examined in the current study using a 
guided ion beam tandem mass spectrometer coupled with an ESI source.32  
 
 
 
 93 
4.2 Threshold Collision-Induced Dissociation Experiments 
Cross sections for CID of four M+(cytosine) complexes, where M+ = Na+, K+, Rb+, 
and Cs+, are measured using a guided ion beam tandem mass spectrometer that has 
been described in detail previously.33 The M+(cytosine) complexes are generated by 
ESI from solutions containing 0.1–0.4 mM cytosine and 0.1–0.4 mM alkali metal 
chloride in an approximately 50%:50% MeOH:H2O mixture. The ions are desolvated, 
focused, and thermalized in an rf ion funnel and hexapole ion guide collision cell 
interface. The thermalized ions emanating from the hexapole ion guide are extracted, 
accelerated, and focused into a magnetic sector momentum analyzer for mass analysis.  
Mass-selected M+(cytosine) complexes are decelerated to a desired kinetic energy and 
focused into a radio frequency (rf) octopole ion beam guide.34-36 The octopole passes 
through a static gas cell where the reactant M+(cytosine) complexes undergo CID with 
Xe37-39 under nominally single collision conditions, ~0.05–0.10 mTorr. The M+ product 
ions and unreacted M+(cytosine) complexes drift to the end of the octopole, where they 
are focused into a quadrupole mass filter for mass analysis. The ions are detected using 
a secondary electron scintillation (Daly) detector and standard pulse counting 
techniques. Details of the experimental procedures and thermochemical analysis of 
experimental data are given in Chapter 2. 
 
4.3 Theoretical Calculations 
In previous work, Yang and Rodgers examined the low-energy tautomeric 
conformations of cytosine and its complexes with Li+, Na+, and K+ as well as the 
transition states for unimolecular tautomerization of these complexes23 by ab initio 
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calculations. Briefly, geometry optimizations and vibrational analyses were performed at 
the MP2(full)/6-31G* level of theory.  Single point energy calculations were performed 
at the MP2(full)/6-311+G(2d,2p) level of theory using the MP2(full)/6-31G* optimized 
geometries. Vibrational frequencies were scaled by a factor of 0.9646 for zero point 
energy (ZPE) corrections. 40  In the present work, geometries optimizations and 
frequency analyses of the low-energy tautomeric conformations of neutral cytosine and 
the M+(cytosine) complexes were performed at the B3LYP/6-31G*, B3LYP/def2-
TZVPPD, and MP2(full)/6-31G* levels of theory using structures obtained by Yang and 
Rodgers23 as the starting structures. Single point energy calculations were performed at 
the B3LYP/6-311+G(2d,2p), B3LYP/def2-TZVPPD, MP2(full)/6-311+G(2d,2p), and 
MP2(full)/def2-TZVPPD levels of theory using geometries optimized at the B3LYP/6-
31G*, B3LYP/def2-TZVPPD, MP2(full)/6-31G* and B3LYP/def2-TZVPPD levels of 
theory, respectively. Zero point energy (ZPE) corrections were determined using 
vibrational frequencies calculated at the B3LYP and MP2(full) levels scaled by a factor 
of 0.9804 and 0.9646, respectively.40 Rb and Cs were described using the effective core 
potentials (ECPs) and valence basis sets developed by Hay and Wadt41 with a single d 
polarization function (with exponents of 0.24 and 0.19, respectively) included when the 
6-31G* or 6-311+G(2d,2p) basis sets were used,42 whereas the valence basis set and 
ECPs developed by Leininger et al.43 were used with the def2-TZVPPD basis set. 
In order to elucidate whether tautomerization of the cytosine ligand from the 
C1 tautomer in the ground-state M+(C1) complex to the ground-state C2 tautomer upon 
CID will occur at threshold, relaxed potential energy surface (PES) scans along the 
N1H–O2 coordinate of cytosine were performed at the MP2(full)/6-31G*_HW* level of 
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theory for the complexes of Rb+ and Cs+ to complement the results reported by Yang 
and Rodgers for Li+, Na+ and K+ as well as at the B3LYP/def2-TZVPPD level for the 
complexes of all four alkali metal cations examined here, to provide candidate 
structures for the transition states (TSs) for tautomerization. The actual TSs were 
obtained using the quasi synchronous transit (QST3) method,44 at the MP2(full)/6-
311+G(2d,2p)_HW* and B3LYP/def2-TZVPPD levels of theory, using the input from the 
relevant minima (reactant and products) and an estimate of the TS obtained from the 
relaxed PES scans. The computed activation energies also include ZPE corrections. 
Details of the theoretical calculations are given in Chapter 2. 
 
4.4 Results 
4.4.1 Cross Sections for Collision-Induced Dissociation. 
Experimental cross sections were obtained for the interaction of Xe with four 
M+(cytosine) complexes, where M + = Na+, K +, Rb+, and Cs +. Figure 4.1 shows 
representative data for all four M+(cytosine) complexes.  Over the collision energy 
range examined, the only dissociation pathway observed for these complexes 
corresponds to the loss of the intact neutral cytosine molecule in the CID reactions 4.1, 
consistent with the IRMPD and CID behaviors of these complexes previously 
reported.23,31  
M+(cytosine) + Xe → M+ + cytosine + Xe                          (4.1) 
Figure 4.1, parts a and b, also include the previously reported DC/FT results for the 
Na+(cytosine) and K+(cytosine) systems,23 respectively, and clearly show higher 
thresholds for the present ESI data.  The apparent CID thresholds decrease in the 
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order Na+ > K + > Rb + > Cs +, suggesting that the strength of binding follows that order, 
as expected.  
 
4.4.2 Theoretical Results   
Theoretical structures for the M+(cytosine) complexes were calculated as 
described in the Theoretical Calculations Section. The optimized structures obtained for 
the Rb+(cytosine) complex of the six low-energy cytosine tautomers are shown in 
Figure 3.2. A detailed discussion of the tautomeric structures of cytosine and its 
complexes with Li+, Na+, K+, Rb+, and Cs+ can be found in Section 3.3.2.  
Previous studies of the M+(cytosine) complexes, where M+ = Li+, Na+, and K+, 
have examined the barriers for tautomerization from C1 to C2 tautomer upon dissociation 
of the M+(cytosine) complexes at the MP2(full) level of theory.23  In the present work, 
TS calculations are performed at the same level of theory for the Rb+(cytosine) and 
Cs+(cytosine) complexes to elucidate whether tautomerization will occur upon 
dissociation, and the results are summarized in Table 4.1.  As can be seen from Table 
4.1, the tautomerization barrier is 26.8 kJ/mol lower than the diabatic dissociation 
energies for Na+, but are 7.0, 27.3, and 40.3 kJ/mol higher than the diabatic dissociation 
energies for K+, Rb+, and Cs+, respectively, suggesting that at threshold energies 
tautomerization will occur for the Na+(cytosine) complex, but will not occur for the 
K+(cytosine), Rb+(cytosine), and Cs+(cytosine) complexes if the MP2(full) level of theory 
provides an accurate prediction of the relative stabilities of the C1 and C2 tautomers. 
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4.4.3 Threshold Analysis 
The model of equation 2.3 (Chapter 2) was used to analyze the thresholds 
for reaction 4.1 for four M+(cytosine) complexes. In the threshold analyses, we first 
assume that tautomerization does not occur upon CID such that the tautomeric form of 
the reactant M+(cytosine) complex and the neutral cytosine product are the same. This 
assumption is consistent with the fact that the ground-state tautomeric conformation of 
cytosine, C1, is the same for both the complex and neutral based on B3LYP results, and 
ESI has been shown to produce the ground-state M+(C1) tautomeric conformations. In 
this case, a loose PSL TS model45 is applied. The fitting parameters of these analyses 
are summarized in Table 4.2 and shown for all four M+(cytosine) complexes in Figure 
4.2. Table 4.2 also includes BDEs measured previously using the TCID23 and kinetic 
method25,26 techniques for comparison. In all cases, the experimental cross sections 
for reaction 4.1 are accurately reproduced using a loose PSL TS model45 and the 
M+(C1) → M+ + C1 CID pathway. Table 4.2 also includes threshold values, E0, obtained 
without inclusion of the RRKM lifetime analysis. Comparison of these results with 
the E0(PSL) values provides a measurement of the kinetic shifts associated with the 
finite experimental time window, which increase from 0.13 eV for the Cs+(cytosine) 
complex to 0.31 eV for the Na+(cytosine) complex. Because all of the alkali metal 
cation–cytosine complexes possess the same number of vibrational modes, the 
observed kinetic shift should correlate directly with the measured M+–cytosine BDEs as 
observed. Because MP2(full) calculations suggest that the C2 tautomer is the ground-
state conformer for isolated cytosine, we also analyzed the thresholds assuming that 
the tautomerization barrier is lower than the diabatic dissociation energy as found by 
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Yang et al. for the complexes to Li+, Na+, and K+ and here for the complex to Na+, and 
that at threshold the M+(C1) → M+ + C2 CID pathway takes place such that a PSL TS 
model is again applied. The results of these analyses are also included in Table 4.2. As 
can be seen in Table 4.2, the BDEs determined are slightly smaller (by 0.01–0.03 eV) 
than values obtained from analyses based on the M+(C1) → M+ + C1 CID pathway, 
suggesting that the C2 tautomer is slightly more stable than C1 as predicted by MP2(full) 
calculations. Finally, we also analyzed the thresholds assuming that at threshold the 
M+(C1) → M+ + C2 CID pathway occurs and that the tautomerization barrier is 
sufficiently high that it influences the kinetics of dissociation such that a TTS model 
based on the TS structure determined is applied. The results of these analyses are also 
included in Table 4.2. 
  
4.5 Discussion   
4.5.1 Comparison of Experiment and Theory. 
The M+–cytosine BDEs at 0 K measured here by guided ion beam tandem mass 
spectrometry techniques are summarized in Table 4.3. Also listed in Table 4.3 are the 
M+–cytosine BDEs calculated at the B3LYP and MP2(full) levels of theory using the 6-
311+G(2d,2p)_HW* and def2-TZVPPD basis sets and including ZPE and BSSE 
corrections. The agreement between the measured and calculated BDEs for all four 
alkali-metal cytosine complexes is illustrated in Figure 4.3. Overall, the B3LYP/def2-
TZVPPD results exhibit the best agreement with the measured BDEs when the M+(C1) 
→ M+ + C1 pathway via a loose PSL TS is assumed. The mean absolute deviation 
(MAD) between theory and experiment is 4.2 ± 1.7 kJ/mol, and is slightly smaller than 
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the average experimental uncertainty (AEU) in these values, 4.6 ± 0.3 kJ/mol. The 6-
311+G(2d,2p)_HW* basis set does not perform quite as well. The MAD between the 
B3LYP/6-311+G(2d,2p)_HW* calculated and TCID measured values is 8.0 ± 7.2 kJ/mol, 
almost double the AEU in these values. Based on comparison between theory and 
experiment, MP2(full) theory underestimates the strength of binding in these alkali metal 
cation–cytosine complexes. The MAD is 11.3 ± 7.1 kJ/mol when the 6-
311+G(2d,2p)_HW* basis set is used, and decreases to 6.5 ± 1.4 kJ/mol when the def2-
TZVPPD basis set is used. 
If tautomerization from the C1 to the C2 tautomer occurs such that the M+(C1) → 
M+ + C2 CID pathways control the threshold determinations via a loose PSL TS (i.e., the 
barriers for tautomerization lie below the dissociation asymptotes), the MADs for the 
B3LYP level of theory decrease slightly to 3.4 ± 4.3 and 6.5 ± 5.4 kJ/mol for the def2-
TZVPPD and 6-311+G(2d,2p)_HW* basis sets, respectively. In contrast, the MADs for 
the MP2(full) level of theory increase to 17.3 ± 7.2 and 11.7 ± 1.4 kJ/mol for the 6-
311+G(2d,2p)_HW* and def2-TZVPPD basis sets, respectively. Based on the 
theoretical and experimental results, it is clear that tautomerization from the C1 to the 
C2 tautomer upon dissociation of the M+(cytosine) complexes does not occur at 
threshold for the K+(cytosine), Rb+(cytosine), and Cs+(cytosine) complexes as the 
barriers exceed the diabatic dissociation energies. However, tautomerization may occur 
for the Na+(cytosine) complex if the MP2(full) level of theory provides an accurate 
prediction on the ground-state conformation of neutral cytosine, C2. This latter 
assumption is most consistent with our results as well as the results of thermal 
vaporization studies. However, the thresholds measured here suggest that the 
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B3LYP/def2-TZVPPD level of theory does a better job of describing the energetics of 
binding in the M+(cytosine) complexes, even if MP2(full) is more accurately describing 
the relative stabilities of the C1 and C2 conformers. Modeling of the data using the TTS 
models associated with the TS structures computed for tautomerization of the M+(C1) 
complex to the C2 conformation upon CID provide threshold values that are significantly 
below the energies of the TS or product dissociation asymptote such that very poor 
agreement between theory and experiment is achieved when a TTS model is used 
(errors more than double), again confirming that the PSL TS model is most appropriate 
for describing the kinetics of dissociation for these M+(cytosine) complexes. 
 
4.5.2 Trends in the Binding of Alkali Metal Cations to Cytosine  
The correlation between the TCID measured M+–cytosine BDEs at 0 K and the 
ionic radii of the alkali metal cations is shown in Figure 4.4 for both the M+(C1) 
tautomeric conformations probed here as well as the M+(C2) and M+(C3) conformers 
previously examined.23  The kinetic method measurements of Wesdemiotis and 
coworkers25,26 are also included for comparison.  The BDEs of the M+(cytosine) 
complexes measured here are found to decrease monotonically as the size of the alkali 
metal cation increases from Na+(0.98 Å) to Cs+(1.67 Å).  This is the expected behavior, 
and is easily understood based on the electrostatic nature of the binding in these 
complexes.  An increase in the size of alkali metal cation leads to longer metal-ligand 
bond distances, and therefore weakens the strength of the ion-dipole and ion-induced 
dipole interactions between the alkali metal cation and cytosine.  In contrast, previously 
measured cytosine binding affinities23,25 of K+ are smaller than those of Rb+ and Cs+ 
 101 
measured in the present study, inconsistent with trends expected based on previous 
studies of similar systems,46- 49 suggesting that excited tautomeric conformations of the 
M+(cytosine) complexes were likely generated by FAB and DC/FT.  
 
4.5.3 Comparison with Previously Measured BDEs 
Previously, Cerda and Wesdemiotis measured alkali metal cation binding 
affinities of cytosine, including Li+, Na+, and K+, using kinetic method techniques, where 
the (Bref)M+(cytosine) complexes were generated by fast atom bombardment.25  The 
measured BDEs for the Na+(cytosine) and K+(cytosine) complexes were reported as 
177± 8 and 110 ± 8 kJ/mol, 32.5 and 51.5 kJ/mol lower than the values measured in the 
present work, indicating that excited tautomeric conformations of the M+(cytosine) 
complexes were generated by FAB.  Wesdemiotis and coworkers re-examined the 
BDE for the (Bref)Na+(cytosine) complex, where the complexes were generated by 
ESI.26  The revisited BDE for the Na+(cytosine) complex, 214 ± 8 kJ/mol, is consistent 
with the TCID BDE measured in the present work, 209.5 ± 5.0 kJ/mol. Thus, the present 
measurement confirms that the ground-state conformation is accessed in ESI 
experiments, and reduces the uncertainty in the BDE by nearly 40%!  Yang and 
Rodgers also reported alkali metal cation binding affinities of cytosine for Li+, Na+, and 
K+, where the M+(cytosine) complexes were generated via gas-phase three-body 
condensation of dc discharge generated M+ and thermally vaporized cytosine in a flow 
tube ion source.23  The threshold behavior observed in that work is best represented by 
the M+(C3) → M+ + C2 CID pathway, leading to measured BDEs of 235.2 ± 7.0, 177.6 ± 
5.4, 136.0 ± 3.6 kJ/mol for these systems, and suggesting that tautomerization occurs 
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during both gas-phase complex formation and CID.  In the present work, the best 
agreement between theory and experiment is found when the M+(C1) → M+ + C1 CID 
pathway is assumed to be responsible for the threshold behavior. Therefore, the 
ground-state M+(C1) tautomeric conformations of the M+(cytosine) complexes are 
accessed in the experiments, and the measured BDEs for the Na+(cytosine) and 
K+(cytosine) complexes determined here exceed the values measured by Yang et al. by 
31.9 ± 6.5 and 25.5 ± 5.8 kJ/mol, respectively. Thus, the tautomeric conformations of 
the M+(cytosine) complexes accessed in the experiments are sensitive to the method of 
ion generation.  ESI produces the ground-state M+(C1) conformers, DC/FT produces 
the M+(C3) conformers, FAB produces the M+(C3) conformers for the Li+(cytosine) and 
Na+(cytosine) complexes, whereas the value measured for the K+(cytosine) is most 
consistent with the BDE of the K+(C2) conformer. 
 
4.6 Conclusions 
Binding of metal cations to the nucleobases can influence the structures, 
stabilities, and functions of DNA and RNA.  In order to understand the effects of alkali 
metal cation size on the binding affinities, the BDEs of four M+(cytosine) complexes, 
where M+ = Na+, K+, Rb+, and Cs+, were determined using a guided ion beam tandem 
mass spectrometer and threshold collision-induced dissociation techniques.  In all 
systems, the only dissociation pathway observed corresponds to the endothermic loss 
of intact neutral cytosine and detection of the alkali metal cation.  Thresholds for CID 
reactions (2) are determined after careful consideration of the effects of the kinetic and 
internal energy distributions of the M+(cytosine) and Xe reactants, multiple collisions 
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with Xe, and the lifetime of the activated M+(cytosine) complexes using a loose PSL TS 
model.  The ground-state structures and theoretical estimates for the BDEs of the 
M+(cytosine) complexes are determined from theoretical calculations performed at the 
B3LYP and MP2(full) levels of theory using the 6-311+G(2d,2p) and def2-TZVPPD 
basis sets.  Very good agreement between experimental and theoretical BDEs is found 
for the B3LYP/def2-TZVPPD level of theory, suggesting that this level of theory can be 
used to provide reliable energetic predictions for the binding in similar metal-ligand 
systems. 
The size of the alkali metal cation clearly affects the strength of binding.  The 
BDEs of the M+(cytosine) complexes are found to decrease as the size of the alkali 
metal cation increases from Na+(0.98 Å) to Cs+(1.67 Å).  This behavior is easily 
understood based on the electrostatic nature of the binding.  An increase in the size of 
the alkali metal cation leads to longer metal-ligand bond distances, and therefore 
weakens the strength of the ion-dipole and ion-induced dipole interactions between the 
alkali metal cation and cytosine.  This behavior is true regardless of the method of ion 
generation, but does not hold when the complexes are formed by different methods as 
found here for DC/FT and FAB versus ESI generated ions.  ESI produces solely 
ground-state M+(C1) complexes, whereas kinetically trapped excited tautomeric 
conformations, M+(C3) and possibly M+(C2), are also generated by DC/FT and FAB 
ionization. 
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Table 4.1 Tautomerization Barriers for M+(cytosine) Complexes at 0 K in kJ/mol a 
M+ B3LYPb MP2(full)c 
Na+ 180.0 179.3d 
K+ 171.2 165.9d 
Rb+ 168.6 160.4 
Cs+ 167.8 158.6 
a Values obtained for the M+(C1) → M+ + C2 dissociation pathway. b Calculated at the 
B3LYP/def2-TZVPPD level including ZPE corrections. c Calculated at the MP2(full)/6-
311+G(2d,2p)_HW* level based on structures optimized at the MP2(full)/6-31G* level 
including ZPE corrections.  
d Previous DC/FT-TCID study, reference 23. 
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Table 4.2. Fitting Parameters of Equation 2.3, Threshold Dissociation Energies at 0 K, 
and Entropies of Activation at 1000 K of M+(cytosine) Complexesa 
CID 
Products 
TS σ n 
E0b 
(eV) 
E0(PSL) 
(eV) 
Kinetic Shift 
(eV) 
∆S† (PSL) 
(J•K-1•mol-1) 
Na+ + C1 PSL 2.7 (0.3) 1.0 (0.02) 2.48 (0.05) 2.17 (0.05) 0.31 49 (2) 
Na+ + C2 PSL 2.7 (0.3) 1.0 (0.02)  2.14 (0.06) 0.34 41 (2) 
 TTS 2.8 (0.3) 1.0 (0.02)  1.84 (0.05) 0.64 -4 (1) 
K+ + C1 PSL 8.8 (1.9) 1.0 (0.03) 1.90 (0.05) 1.67 (0.05) 0.23 39 (2) 
K+ + C2 PSL 8.8 (1.9) 1.0 (0.03)  1.66 (0.05) 0.24 31 (2) 
 TTS 9.3 (2.0) 1.0 (0.03)  1.44 (0.05) 0.36 -8 (1) 
Rb+ + C1 PSL 21.5 (1.3) 1.1 (0.07) 1.68 (0.03) 1.53 (0.04) 0.15 25 (2) 
Rb+ + C2 PSL 22.2 (1.8) 1.1 (0.07)  1.51 (0.04) 0.17 17 (2) 
 TTS 22.7 (1.7) 1.0 (0.10)  1.38 (0.04) 0.30 -8 (1) 
Cs+ + C1 PSL 17.3 (1.3) 0.8 (0.17) 1.56 (0.06) 1.43 (0.04) 0.13 25 (2) 
Cs+ + C2 PSL 17.1 (1.8) 0.9 (0.18)  1.40 (0.05) 0.16 17 (2) 
 TTS 17.8 (2.0) 0.8 (0.17)  1.23 (0.04) 0.33 -10 (1) 
a Present results, uncertainties are listed in parentheses. Average values for analyses 
that include lifetime modeling using either a loose phase space limit (PSL) or a tight 
transition state (TTS) model based on the computed TSs for the M+(C1) → M+ + 
C2 dissociation pathways at the B3LYP/def2-TZVPPD level of theory. b No RRKM 
analysis.  
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Table 4.3. Bond Dissociation Energies of M+(cytosine) Complexes at 0 K in kJ/mol. 
M+ Experimenta Conformer B3LYP  MP2(full) D0, BSSEb D0, BSSEc  D0, BSSEb D0, BSSEc 
Li+ 235.2 (7.0)d Li+(C3)  240.6  241.5   237.7d  228.3 
 232 (8)e       
Na+ 209.5 (5.0) Na+(C1)  209.6  214.1   200.7d  203.0 
 206.7 (5.3)   212.6  219.0   194.8d  197.8 
 214 (8)f        
 177.6 (5.4)d Na+(C3)  177.7  178.8   167.8d  171.3 
 177 (8)e       
K+ 161.5 (4.5)  K+(C1)  156.9  159.9   158.9d  157.0 
 160.1 (4.7)   159.9  164.8   153.0d  151.8 
 136.0 (3.6)d K+(C3)  131.2  129.1  130.6d  130.4 
 110 (8)e K+(C2)  108.8g  112.0  115.1d  113.9 
Rb+ 148.0 (3.6) Rb+(C1)  137.5  143.1   133.1  140.5 
 145.7 (3.7)   140.5  148.0   127.0  135.3 
Cs+ 137.2 (4.3) Cs+(C1)  120.5  131.7   118.3  129.7 
 135.4 (4.5)   123.5  136.6   112.2  124.5 
MADh  4.6 (0.3)i 
   
    8.0 (7.2) 
   5.8 (4.8) 
   4.2 (1.7) 
   5.1 (5.0) 
   11.3 (7.1) 
  15.2 (7.1) 
   6.5 (1.4) 
   9.6 (1.2) 
a Present TCID results are shown in bold font except as noted. Values obtained for 
dissociation with tautomerization along the M+(C1) → M+ + C1 dissociation pathway are 
shown in standard font, whereas values obtained assuming that tautomerization occurs 
upon CID for the M+(C1) → M+ + C2 dissociation pathway are shown in italics. 
b Calculated using the 6-311+G(2d,2p)_HW* basis set including ZPE and BSSE 
corrections. 
c Calculated using the def2-TZVPPD basis set including ZPE and BSSE corrections.  
d Previous DC/FT-TCID study, reference 23.  
e Previous FAB-kinetic method study, reference 25. 
f ESI-kinetic method study, reference 26 
g Value taken from reference 18. 
h Mean absolute deviation based on present TCID results. 
i Average experimental uncertainty of present TCID results. 
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4.8 Figure Captions 
 
Figure 4.1. Collision-induced dissociation of all four M+(cytosine) complexes, where M+ 
= Na+, K+, Rb+, and Cs+, with Xe as a function of energy in the center-of-mass frame 
(lower x-axis) and the laboratory frame (upper x-axis). Parts a and b also include the dc 
discharge-flow tube ion source (DC/FT) data from the literature23 for comparison. The 
DC/FT data has been scaled up by factors of 3.0 and 4.0 for the Na+(cytosine) and 
K+(cytosine) complexes, respectively.   
Figure 4.2. Zero-pressure-extrapolated cross-sections for collision-induced dissociation 
of all four M+(cytosine) complexes, where M+ = Na+, K+, Rb+, and Cs+, with Xe in the 
threshold region as a function of kinetic energy in the center-of-mass frame (lower x-
axis) and the laboratory frame (upper x-axis).  The solid lines show the best fits to the 
data using the model of equation 2.3 convoluted over the neutral and ion kinetic and 
internal energy distributions. The dotted lines show the model cross sections in the 
absence of experimental kinetic energy broadening for the M+(cytosine) complexes with 
an internal temperature of 0 K. The data and model are shown expanded by a factor of 
10 and offset from zero in the inset. 
 
Figure 4.3. TCID measured M+−cytosine BDEs at 0 K (in kJ/mol), where M+ = Na+, K+, 
Rb+, and Cs+, plotted versus theoretical values calculated at the B3LYP and MP2(full) 
levels of theory using the 6-311+G(2d,2p)_HW* and def2-TZVPPD basis sets including 
ZPE and BSSE corrections.   
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Figure 4.4. Measured M+−cytosine BDEs at 0 K (in kJ/mol) versus the ionic radius of 
M+, where M+ = Li+, Na+, K+, Rb+, and Cs+.  The ionic radii are taken from reference 56.  
Present results for dissociation of the M+(C1) tautomeric conformations are shown as 
solid circles (●), whereas values for dissociation of the M+(C3) tautomeric 
conformations23 are shown as closed triangles (▲).  Also included are values from 
previous kinetic measurements when FAB25(∆, ▽ ) and ESI26(○) are used as the 
ionization techniques, respectively. 
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CHAPTER 5 
INFRARED MULTIPLE PHOTON DISSOCIATION ACTION SPECTROSCOPY OF 
PROTON-BOUND DIMERS OF CYTOSINE AND MODIFIED CYTOSINES: EFFECTS 
OF MODIFICATIONS ON GAS-PHASE CONFORMATIONS 
Portions of this chapter were reprinted with permission from Yang, B.; Wu, R. R.; 
Berden, G.; Oomens, J.; Rodgers, M. T. Infrared Multiple Photon Dissociation Action 
Spectroscopy of Proton-Bound Dimers of Cytosine and Modified Cytosines: Effects of 
Modifications on Gas-Phase Conformations. J. Phys. Chem. B 2013, 117, 14191. 
Copyright 2013 American Chemical Society. 
 
5.1 Introduction 
As discussed in Section 1.3.2, the hydrogen-bonding interactions between 
nucleobases are critical for encoding, transmitting and expressing genetic information.1 
However, the hydrogen-bonding interactions can take place in diverse ways, allowing 
DNA to form various three-dimensional structures other than double helices.  The 
proton bound-dimer of cytosine (C+•C) was first discovered in crystals of acetyl 
cytosine2 and later in solutions of polycytidylic RNA3,4 and DNA.5 The proton bound-
dimers of adenosine (A+•A) and cytosine (C+•C) form between both parallel and anti-
parallel strands in the (C4T2)•(A2C4) hairpin motif under acidic conditions. 6  As 
mentioned in Section 1.3.3, the DNA i-motif conformations are held together by 
intercalated proton-bound dimers of cytosine (C+•C).7 The structure of the proton-bound 
dimer of cytosine is well established, and involves protonation at the N3 position of the 
canonical form of cytosine and formation of three hydrogen bonds.  However, 
theoretical calculations indicate that both cytosine and protonated cytosine can adopt 
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various tautomeric conformations of similar stability.8- 26 Previous infrared multiple 
photon dissociation action spectroscopy (IRMPD) studies on uracil and uracil 
derivatives including methyl-, thioketo-, and halo-substituted uracils have shown that 
protonation, and to a lesser extent sodium cationization, preferentially stabilizes rare 
tautomers of the nucleobases in the gas-phase.27- 29  Therefore, a comprehensive 
study is needed to investigate the factors that influence the tautomeric equilibria of 
neutral and protonated cytosine, and whether alternative structures of comparable 
stability for the proton-bound dimers also exist.  IRMPD studies of protonated 
adenosine and 9-methyladenosine have shown that methylation at the C9 position 
alters the dominant protonated form observed in the gas-phase.30 Modifications of 
cytosine, such as methylation and halogenation, especially at the C5 position, are 
commonly observed in DNA and RNA. Whether these modifications will cause formation 
of rare tautomers and alter the structure of the proton-bound dimer is presently 
unknown.  
Recently, the structure of the proton-bound dimer of 1-methylcytosine was 
studied by Oomens and coworkers using IRMPD action spectroscopy techniques.31 
Methylation at the N1 position does not alter the base-pairing interaction, and the 
confirmed structure of the proton-bound dimer is the same as that reported in NMR 
studies.7 To achieve a comprehensive understanding of how modifications influence the 
structural properties and stabilities of proton-bound dimers, we expand the complexes 
of interest to include 5-methyl- and 5-halo-substituted forms of cytosine in the present 
work. The conformations of the proton-bound dimers of cytosine and modified cytosines 
generated by electrospray ionization (ESI) are characterized using IRMPD action 
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spectroscopy and theory by comparing the measured IRMPD spectra to linear IR 
spectra derived from electronic structure calculations of the stable low-energy 
tautomeric conformations of the proton-bound dimers determined at the B3LYP/6-31G* 
level of theory.32 
 
5.2 Infrared Multiple Photon Dissociation Action Spectroscopy Experiments 
IRMPD action spectra of four proton-bound homodimers, (5xC)H+(5xC), where x 
= H, F, Br, and Me, and three proton-bound heterodimers, (C)H+(5xC), where x = F, Br, 
and Me, were measured using a 4.7 T Fourier transform ion cyclotron resonance mass 
spectrometer (FT-ICR MS) coupled to the output of a Nd:YAG-pumped optical 
parametric oscillator (OPO) that has been described in detail elsewhere. 33- 35 The 
proton-bound dimers were generated using a micromass “Z-spray” ESI source and 
accumulated in a hexapole trap for several seconds followed by pulsed extraction 
through a quadrupole bender and injected into the ICR cell via a rf octopole ion guide. 
The precursor ions were mass selected using stored waveform inverse Fourier 
transform (SWIFT) techniques and irradiated by the OPO laser at pulse energies of up 
to 17 mJ per pulse of 6 ns duration at 10 Hz for 4–8 s, corresponding to interaction with 
40–80 pulses over the wavelength range extending from 3.85 µm (2600 cm−1) to 2.68 
µm (3735 cm−1).  Details of the experimental procedures and treatment of experimental 
data are given in Chapter 2. 
 
5.3 Theoretical Calculations 
Theoretical calculations were first performed on the neutral and protonated forms 
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of cytosine and modified cytosines, followed by calculations on the proton-bound dimers 
of these species in order to extract structural and energetic information for the dimers.  
Briefly, geometry optimization and frequency analyses of all plausible tautomeric 
conformations of the neutral and protonated forms of cytosine and modified cytosines 
were performed using Gaussian 0936 at the B3LYP/6-31G* level of theory.  Single 
point energy calculations were carried out at the B3LYP/6-311+G(2d,2p)37 level of 
theory.  A neutral base 5xC, was then paired with a protonated base, H+(5yC), to 
generate a starting point for a proton-bound dimer, (5xC)H+(5yC), where x, y = H, F, Br, 
and Me, for geometry optimization and vibrational frequency analyses at the B3LYP/3-
21 level of theory.  Plausible base-pair conformations that enable the formation of one, 
two, or three hydrogen bonds are all carefully considered.  Optimized structures 
obtained from this procedure were then used for higher level geometry optimization and 
frequency analyses at the B3LYP/6-31G* level of theory.  Single point energies were 
calculated at the B3LYP/6-311+G(2d,2p)37 level of theory.  Zero-point energy (ZPE) 
corrections were determined using vibrational frequencies calculated at the B3LYP/6-
31G* level and scaled by a factor of 0.9804.38 For the analysis of the IRMPD spectra, 
linear IR spectra were generated from the computed vibrational frequencies and Raman 
intensities using the harmonic oscillator approximation and analytical derivatives of the 
energy-minimized Hessian calculated at the B3LYP/6-31G* level of theory.  For 
comparison to experiment, calculated vibrational frequencies are scaled by 0.958 and 
broadened using a 20 cm-1 fwhm Gaussian line shape. Details of the theoretical 
calculations are given in Chapter 2. 
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5.4 Results 
5.4.1 IRMPD Action Spectroscopy. 
Photodissociation of the proton-bound homodimers, (5xC)H+(5xC), where x = H, 
F, Br, and Me, leads to loss of the intact neutral nucleobase 5xC, and detection of the 
protonated base, H+(5xC), for all four complexes.  Photodissociation of the proton-
bound heterodimers, (C)H+(5xC), where x = F, Br, and Me, exhibits two dissociation 
pathways.  The bridging proton either leaves with cytosine, producing H+(C) and loss of 
neutral 5xC, or leaves with the modified cytosine, producing H+(5xC) and loss of neutral 
cytosine.  The relative intensity of the H+(C) versus H+(5xC) products depends on the 
relative proton affinities (PAs) of cytosine and 5xC.  The nucleobase with the larger PA 
is observed in greater intensity. Based on the relative intensities of the IRMPD products 
observed for the heterodimers, the PAs of the four nucleobases follow the order of 
5MeC > C > 5FC, 5BrC.  For all proton-bound dimers, the IRMPD spectra were plotted 
as the IRMPD yield of the product ions as a function of wavelength. An IRMPD yield 
was determined from the precursor ion intensity (𝐼𝑝) and the fragment M+ ion intensities 
(𝐼𝑓) after laser irradiation at each frequency as shown in equation 5.1. 
IRMPD yield  ( )f p fi ii i
I I I= +∑ ∑                                  (5.1) 
The IRMPD yield was normalized linearly with laser power to correct for changes in the 
laser power as a function of the photon energy, i.e., the wavelength of the OPO laser. 
The measured IRMPD spectra of the proton-bound homo- and heterodimers are 
shown in Figures 5.1 and 5.2, respectively.  The IRMPD action spectrum of the 
(C)H+(C) complex is also included in Figure 5.2 for comparison to facilitate 
 121 
determination of the effects of modifications on base-pairing interactions.  As can be 
seen in Figure 5.1, the IR features observed in the spectrum of the (C)H+(C) complex 
are retained for the most part in the spectra of the other three proton-bound 
homodimers, except that the band at ~3525 cm-1 disappears in the spectra of the 
(5FC)H+(5FC) and (5BrC)H+(5BrC) complexes.  The most intense band appears at 
~3450 cm-1 for all four proton-bound homodimers.  This band is increasingly 
broadened and red-shifted for the (5FC)H+(5FC) and (5BrC)H+(5BrC) complexes as 
compared to the (C)H+(C) complex, suggesting that more than one vibrational mode 
contributes to this IR feature.  The two strong bands to the blue of the most intense 
band at 3490 and 3525 cm-1 also red shift for the (5FC)H+(5FC) and (5BrC)H+(5BrC) 
complexes.  Due to the red shifting, the band at 3490 cm-1 merges into the most 
intense band, leading to the broadened and asymmetric shape of this band.  For the 
(5MeC)H+(5MeC) complex, the most intense band and the two strong bands to the blue 
are all blue-shifted by a few wavenumbers as compared to the (C)H+(C) complex.  
Very weak broad bands are observed for all proton-bound homodimers in the region 
between 2600 and 3000 cm-1.  Subtle differences include a rise in the intensity of the 
band near 3100 cm-1 as well as a red shift of the band at 3230 cm-1 for the 
(5FC)H+(5FC) and (5BrC)H+(5BrC) complexes, a rise in the intensity of the band at 
~3320 cm-1 for the (5FC)H+(5FC) complex, and a red shift of the band at 3370 cm-1 for 
the (5FC)H+(5FC), (5BrC)H+(5BrC), and (5MeC)H+(5MeC) complexes. 
As can be seen in Figure 5.2, the measured IRMPD spectra of the proton-bound 
heterodimers exhibit great similarity to that of the (C)H+(C) complex.  The most intense 
band at 3450 cm-1 and the strong band at 3490 cm-1 shift very little for the (C)H+(5FC) 
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and (C)H+(5BrC) complexes, suggesting that vibrational modes of cytosine are the main 
contributors to these two bands.  Red shifting is observed in the band at 3525 cm-1 for 
the (C)H+(5FC) complex, and becomes greater for the (C)H+(5BrC) complex, leading to 
the overlap of this band with one of the bands at 3450 and 3490 cm-1.  For the 
(5MeC)H+(C) complex, the three intense bands at 3450, 3490, and 3525 cm-1 are all 
blue-shifted by a few wavenumbers as compared to those of the (C)H+(C) complex.  
Subtle differences include a rise in the intensity of the band at 3320 cm-1 for the 
(C)H+(5FC) complex, and a rise in the intensity of the band near 3100 cm-1 as well as 
red shifts of the bands at 3230 and 3370 cm-1 for the (C)H+(5FC) and (C)H+(5BrC) 
complexes.  
 
5.4.2 Theoretical Results   
The neutral and protonated nucleobases as well as the proton-bound dimers 
were calculated at B3LYP/6-311+G(2d,2p)//B3LYP/6-31G* level of theory.  The six 
most stable tautomeric conformations of 5MeC and H+(5MeC) are shown in Figures 5.3 
and 5.4, respectively. The geometry-optimized structures of all tautomeric 
conformations computed and their relative Gibbs free energies at 298 K of the neutral 
and protonated forms of each of the five nucleobases are included in Figures S1 and 
S2 of the Supporting Information of reference 32, respectively.  To differentiate the 
various stable low-energy tautomeric conformations of these species Roman numerals 
are employed.  Lowercase Roman numerals are used to describe the tautomeric 
conformations of the neutral base, whereas uppercase Roman numerals with a “+” sign 
are used to describe the tautomeric conformations of the protonated base, and both are 
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ordered based on their relative free energies.  The structures and Gibbs free energies 
at 298 K of the three most stable conformations of the (5MeC)H+(5MeC) and 
(5MeC)H+(C) complexes are shown in Figure 5.5. The structures and relative stabilities 
of all tautomeric conformations of each of the proton-bound dimers calculated to lie 
within 100 kJ/mol of the ground-state conformer are shown in Figures S3 and S4 of the 
Supporting Information of reference 32.  As can be seen in Figure 5.5, the most stable 
tautomeric conformations involve binding via three hydrogen bonds or a single 
hydrogen bond, and one of the hydrogen bonds always involves the excess proton. The 
ground-state structure of the (5MeC)H+(5MeC) homodimer involves three hydrogen 
bonds and adopts an anti-parallel configuration of the protonated and neutral bases, 
which is the most commonly observed conformation in multi-stranded DNAs.  This 
conformer is designated as II+•••i_3a to indicated that the II+ tautomeric conformation of 
the protonated base, H+(5MeC), binds to the i tautomeric conformation of the neutral 
base, 5MeC.  The underscore 3a designation indicates that the binding occurs via 
three hydrogen bonding interactions and the protonated and neutral bases are bound in 
an anti-parallel configuration. Other stable conformations are designated in a similar 
fashion, where the lower case Roman numeral indicates the tautomeric conformation of 
the neutral base, the uppercase Roman number with the “+” indicates the tautomeric 
conformation of the protonated base, the number indicates the number of hydrogen 
bonding interactions, while the lowercase one or two letter designations indicate the 
relative orientations of the protonated and neutral bases, where a = anti-parallel, p = 
parallel, at = anti-parallel and twisted, and pt = parallel and twisted. As mentioned 
above, the ground-state conformation of the proton-bound dimer involves an excited 
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minor tautomer of the protonated base, the II+ tautomeric conformation of H+(5MeC), 
bound to the ground-state tautomer of the neutral base, i, as these species enable three 
nearly ideal (nearly linear) hydrogen bonds to stabilize the proton-bound dimer.  A 
noteworthy observation is that the excess proton is not equally shared by the two 
nucleobases even in the proton-bound homodimers as seen in the ground-state 
structures.  However, computational results indicate that proton transfer of the excess 
H+ from one base to the other is a low barrier process in the homo- and heterodimers 
examined here, consistent with observations made by Han and coworkers for the 
(C)H+(C) complex. 39  Pairing of the ground-state conformations of the neutral and 
protonated nucleobase through a single hydrogen-bonding interaction leads to a less 
stable tautomeric conformation, I+•••i_1at, which lies 20.7 kJ/mol higher in Gibbs free 
energy than the ground-state structure.  Attempts to optimize the corresponding 
I+•••i_1pt conformation always converged to the I+•••i_1at tautomeric conformation due 
to steric effects.  Pairing the ground-state conformation i of 5MeC with the third most 
stable conformation III+ of H+(5MeC) through a single hydrogen bond via the 2-hydroxyl 
hydrogen atom of H+(5MeC) and carbonyl oxygen of neutral 5MeC leads to the third 
most stable tautomeric conformation, III+•••i_1pt, which lies 29.1 kJ/mol higher in Gibbs 
free energy than the ground-state structure. In the I+•••i_1at and III+•••i_1pt tautomeric 
conformations, the single hydrogen bond is formed between the 2-hydroxyl hydrogen 
atom of H+(5MeC) and the carbonyl oxygen atom of the i conformation of 5MeC.  
However, in order to obtain additional stabilization from the hydrogen-bonding 
interactions between the carbonyl oxygen atom of the III+ conformation and the N4–H 
moiety of the i conformation, the protonated and neutral rings adopt a parallel twisted 
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orientation in the III+•••i_1pt tautomeric conformation.  Various types of single 
hydrogen bonds can occur between the protonated and neutral bases, but lead to 
tautomeric conformations that are higher in Gibbs free energy than the I+•••i_1at and 
III+•••i_1pt tautomeric conformations, which involve an O2•••H+•••O2 hydrogen bond.  
These tautomeric conformations are not likely to be accessed in the experiments if the 
computed energetics are reliable, thus are not included in this discussion. In summary, 
the most stable conformations for all proton-bound homodimers are the II+•••i_3a 
conformations.  Assuming that the computed energetics are reliable, the first excited 
conformations lie high enough in free energy above the ground-state conformations that 
they are unlikely to be produced in measurable abundance at room temperature. 
In the case of proton-bound heterodimers, the excess proton binds to the 
nucleobase with the higher proton affinity (PA) in the ground-state structure.  In the 
most stable conformation of the (5MeC)H+(C) complex, II+•••i_3a, the excess proton is 
bound to 5MeC (see Figure 5.5), suggesting that the PA of 5MeC is greater than that of 
cytosine, as expected.  Based on the ground-state structures of all of the proton-bound 
heterodimers, the relative order of PAs of these four nucleobases follows the order: 
5MeC > C > 5BrC, 5FC.  This order indicates that methyl-substitution of cytosine at the 
C5 position increases the PA of the N3 position, whereas halo-substitution decreases 
the PA of the N3 position, as expected based on the inductive effects of these 
substituents.  Transfer of the excess proton to the other nucleobase, cytosine, 
produces the first excited conformation, i•••II+_3a. Calculations indicate that the 
i•••II+_3a conformation lies a mere 2.4–7.4 kJ/mol higher in free energy than the 
ground-state II+•••i_3a structure, and transfer of the excess proton is a low-barrier 
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process, which requires 19.6–21.3 kJ/mol for these three proton-bound heterodimers.  
This observation is consistent with previous theoretical and experimental studies of 
similar systems involving an N•••H+•••N hydrogen bond.40,41  Thus, under typical ESI 
conditions, both structures may be accessed in our experiments, but the ground-state 
conformation II+•••i_3a should be the dominant species assuming that the calculated 
energetics are reliable.  Upon dissociation of the (5MeC)H+(C) heterodimer, two 
competitive pathways leading to the generation of H+(5MeC) or H+(C), are observed.  
Pairing of the ground-state conformations of C and H+(5MeC) through a single 
O2•••H+•••O2 hydrogen bond leads to a less stable tautomeric conformation, I+•••i_1at, 
which lies 22.6 kJ/mol higher in Gibbs free energy than the ground-state structure. 
Therefore, the I+•••i_1at conformation is not likely to be accessed under our 
experimental conditions assuming that the computed energetics are reliable.  The 
three most stable tautomeric conformations of the other three proton-bound 
heterodimers exactly parallel those found for the (5MeC)H+(C) complex and can be 
found in the Supporting Information of reference 32 as Figure S3.  In summary, the 
ground-state tautomeric conformations of the proton-bound heterodimers are II+•••i_3a 
in all cases.  The first excited-state conformations are i•••II+_3a, which lie 2.4–7.4 
kJ/mol higher in Gibbs free energies than the ground-state structures.  These results 
suggest that both the ground and the first-excited tautomeric conformations are likely to 
be accessed in the experiments with the ground-state conformation II+•••i_3a being the 
dominant species, whereas all other stable conformations lie sufficiently high in free 
energy that they are unlikely to be accessed in the experiments. 
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5.5 Discussion   
5.5.1 Comparison of Measured IRMPD and Theoretical IR Spectra of Proton-
Bound Homodimers. 
As discussed above, weak and broad bands are observed for all proton-bound 
dimers in the region between 2600 and 3000 cm-1.  Theory suggests that the bands in 
this region correspond to in-plane stretches of the three protons that are involved in the 
base-pair hydrogen bonds (in addition to weak aliphatic CH stretching modes for the 
species containing a methyl substituent). Theoretical results suggest that the excess 
proton can shift between the two nucleobases over a low energy barrier.  Therefore, 
the stretch of such a proton adopts a double well potential energy surface, and thus is 
anharmonic.  The stretches of all protons or hydrogen atoms that are shared by two 
proton acceptors (N or O atoms) possess similar properties, and thus are also 
anharmonic. However, the frequency analyses performed in the present work only 
provide reasonably accurate vibrational frequencies for near-harmonic vibrational 
modes.  Advanced anharmonic computational approaches are required to accurately 
describe to anharmonic proton stretches,41, 42, 43 but current calculations are sufficiently 
accurate to enable identification the structures of the proton-bound dimers that are 
accessed in the experiments.  Thus, further theoretical calculations using advanced 
methods are not performed here, and interpretations of the measured IRMPD and 
theoretical IR spectra are primarily focused on the region between 3000 and 3700 cm-1 
for all proton-bound dimers. The calculated bands for the anharmonic shared-
proton/hydrogen stretches that are over 3000 cm-1 are shaded in red in Figures 5.6 
through 5.9 and 5.11 through 5.13, and are excluded from comparisons between the 
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measured IRMPD and calculated spectra discussed below.  
As discussed previously, the measured IRMPD action spectra for all four proton-
bound homodimers, (5xC)H+(5xC) are remarkably similar, and thus are examined in 
parallel here.  The measured IRMPD and the calculated IR spectra for the three most 
stable conformations found for the (5MeC)H+(5MeC) complex are shown in Figure 5.6 
with the band predicted for the anharmonic shared-hydrogen stretch shaded in red. 
Analogous comparisons for the (C)H+(C), (5FC)H+(5FC) and (5BrC)H+(5BrC) 
complexes are shown in the Figures 5.7 through 5.9.  The calculated linear IR 
spectrum of the ground-state conformation, II+•••i_3a, provides the best agreement with 
the measured IRMPD spectra for all homodimers, except that two weak bands observed 
at ~3230 and 3360 cm-1 do not exhibit comparable theoretical frequencies.  To 
facilitate assignment of these two unexpected bands, the d6-analogues of the proton-
bound homodimers were investigated. The IRMPD spectra of the d6-analogues of each 
proton-bound homodimer are shown in the top panel of Figure 5.6 through 5.8, 
respectively. To facilitate comparison of the proton-bound dimers and their d6-
analogues, the IRMPD yields of the d6-analogues are scaled such that the yields of the 
most intense band for the deuterated complexes match the yields for the corresponding 
protic complexes.  The H/D exchange rate of each hydrogen atom and the laser power 
both influence the yield of each vibrational mode, and thus over-interpretation of the 
scaling factor here is inappropriate.  All proton-bound homodimers have seven 
exchangeable hydrogen atoms, and thus there are seven different combinations that 
may contribute to a d6-analogue.  Therefore, the mass selected d6-analogue is a 
mixture of seven different species with one hydrogen and six deuteriums distributed 
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over these seven positions.  As a result, the vibrational modes that involve zero or one 
hydrogen atom will be retained, whereas the vibrational modes that involve two or more 
hydrogen atoms will shift to much lower frequencies.  A decrease in the yield for the 
bands that involve only one hydrogen atom is expected (see equation 1), whereas the 
yield of bands that do not involve hydrogen atoms should be unaffected.  The 
measured IRMPD spectrum of the d6-analogue of (5MeC)H+(5MeC) is included in the 
top panel of Figure 5.6, whereas the measured IRMPD spectra of the d6-analogues of 
(C)H+(C) and (5FC)H+(5FC) are included in Figures 5.7 and 5.8. Due to the isotopic 
distribution of bromine, experiments on the d6-analogue of (5BrC)H+(5BrC) are not as 
useful because mixed contributions to the isotopic envelope arise, and thus are not 
examined here.  Again, the d6-analogues of all proton-bound homodimers exhibit 
similar behavior, and thus are discussed in parallel here. As can be seen in Figure 5.6, 
all bands observed in the spectrum of the (5MeC)H+(5MeC) complex are retained for 
the d6-analogue except the band at 3230 cm-1, indicating that this vibrational mode 
involves motions of at least two exchangeable hydrogen atoms.  The experimental 
bands observed for the d6-analogue all decrease in yield except for the band at 3360 
cm-1, suggesting that this band may not involve hydrogen.  Theoretical calculations do 
not predict bands at 3230 or 3360 cm-1, suggesting that either theory does not predict 
accurate frequencies for the associated vibrational modes, or that these two bands are 
overtones of other vibrational modes.  Theoretical calculations of the (5MeC)H+(5MeC) 
complex predict a pair of intense bands at ~1600 and 1680 cm-1 (scaled by 0.958) that 
correspond to the coupling of the carbonyl stretch of the neutral base, NH2 scissoring, 
and N3–H in-plane bending of the protonated base. The first overtones of these two 
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bands should appear at 3200 and 3360 cm-1, which match the unexpected bands in the 
measured IRMPD spectrum of (5MeC)H+(5MeC) reasonably well.  Upon deuteration, 
the carbonyl stretch is decoupled with NH2 scissoring and N3–H in-plane bending, 
leading to a pure carbonyl stretch at 1659 cm-1 with similar calculated intensity as 
compared to the band at 1680 cm-1 before deuteration and a much lower frequency 
band at 1125 cm-1 that is associated with ND2 scissoring and N3–D in-plane bending.  
Therefore, the first overtones of these two bands after deuteration should appear at 
3320 and 2250 cm-1 such that the latter band lies outside of the frequency range of our 
experiments.  The calculated IR behavior of the overtones of these two bands upon 
deuteration matches reasonably well with the observed behavior of the bands at ~3230 
and 3360 cm-1 in the measured IRMPD spectra.  Based on these theoretical results, it 
is believed that the unexpected bands observed at ~3230 and 3360 cm-1 in the 
measured IRMPD spectra of all of the proton-bound homodimers correspond to the first 
overtones of the coupled C=O stretch, NH2 scissoring, and N3–H in-plane bending.  
Therefore, these two bands are excluded from the comparison of the measured IRMPD 
and calculated IR spectra. When the shaded band at 3320 cm-1 and the unpredicted 
bands at 3230 and 3360 cm-1 are excluded, the IR spectrum calculated for the II+•••i_3a 
conformation exhibits very good agreement with the measured IRMPD spectrum for the 
(5MeC)H+(5MeC) complex.  All experimental bands have comparable theoretical 
frequencies, confirming that the ground-state structure, II+•••i_3a, is accessed in the 
experiments.  The most intense band, observed at ~3450 cm-1, corresponds to the 
overlap of the free N1–H stretch of both rings.  The strong bands to the blue of the 
most intense band at ~3490 and 3525 cm-1 are assigned to the N4–H stretching of the 
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neutral and protonated bases, respectively. 
Comparison of the calculated IR spectrum of the first-excited tautomeric 
conformation, I+•••i_1at, to the measured IRMPD action spectrum suggests that this 
conformation is not accessed in the experiments as there are several differences.  
First, the calculated IR spectrum for the I+•••i_1at conformation exhibits only two bands 
instead of three in the region between 3400 and 3550 cm-1.  The most intense band 
now corresponds to the free N1–H and NH2 symmetric stretches, and is red-shifted by 
~10 cm-1 relative to the measured IRMPD band at ~3450 cm-1.  The free NH2 
symmetric stretch produces the band at 3565 cm-1, which is blue-shifted by ~75 cm-1 as 
compared to the measured IRMPD band observed at 3490 cm-1.  In addition, the 
overtone of the carbonyl stretch is red-shifted by 25 cm-1, and is no longer coupled with 
NH2 scissoring.  The calculated IR spectrum for the III+•••i_1pt conformation exhibits 
very similar IR features to those observed for the I+•••i_1at conformation in the region 
between 3400 and 3600 cm-1 except that the most intense band is broadened and of 
reduced intensity.  Again, the calculated IR spectrum for the III+•••i_1pt conformation 
exhibits only two bands instead of three as observed in the measured IRMPD spectrum 
in the region between 3400 and 3600 cm-1.  The most intense band is red-shifted by 
~10 cm-1 relative to the measured IRMPD band at ~3450 cm-1, and the band to the blue 
of the most intense band is blue shifted by ~75 cm-1 as compared to the measured 
IRMPD band observed at 3490 cm-1. In addition, computational results indicate that the 
overtones of the C=O stretch coupled with NH2 scissoring and N3–H in-plane bending 
give rise to a pair of bands at 3167 and 3254 cm-1, which also do not agree with the 
experimentally observed bands in the measured IRMPD spectrum.  Based on these 
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comparisons, the III+•••i_1pt conformation is also not accessed in the experiments. 
Analogous comparisons for the other three proton-bound homodimers (see Figures S5 
through S7 of the Supporting Information of reference 32) suggest that neither the 
I+•••i_1at or III+•••i_1pt conformations are accessed in the experiments.  
Figure 5.10 compares of the measured IRMPD spectra with the calculated IR 
spectra of the ground-state II+•••i_3a conformations for all four proton-bound 
homodimers.  The bands highlighted in red and blue correspond to N4–H stretching of 
the protonated and neutral rings, respectively. Frequencies of the vibrational modes in 
the region between 3000 and 3600 cm-1 for each proton-bound homodimer can be 
found in Table S1 of the Supporting Information of reference 32.  As can be seen in 
Figure 5.10, the shifting of these two bands in the experimental spectra is nicely 
reproduced by the calculated IR spectra, confirming that the ground-state conformations 
II+•••i_3a are accessed in the experiments. Thus, for all four proton-bound homodimers, 
only the ground-state II+•••i_3a conformations are accessed in the experiments. 
 
5.5.2 Comparison of Measured IRMPD and Theoretical IR Spectra of Proton-
Bound Heterodimers.  
As discussed previously, the measured IRMPD action spectra for all three 
proton-bound heterodimers, (C)H+(5xC) exhibit remarkably similar behavior, and thus 
are examined in parallel here.  The measured IRMPD and the calculated IR spectra for 
the three most stable tautomeric conformations found for the (5MeC)H+(C) complex are 
shown in Figure 5.11 with the band predicted for the stretching of the anharmonic 
shared hydrogen/proton shaded in red. Analogous comparisons for the (C)H+(5FC) and 
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(C)H+(5BrC) complexes are shown in Figures 5.12 and 5.13.  As can be seen in 
Figure 5.11, the calculated linear IR spectrum of the ground-state II+•••i_3a 
conformation provides the best agreement with the measured IRMPD spectrum for the 
proton-bound (5MeC)H+(C) heterodimer, except that two bands observed at ~3230 and 
3360 cm-1 do not exhibit comparable theoretical frequencies. Similar results are found 
for the (C)H+(5FC) and (C)H+(5BrC) complexes.  To identify the unexpected bands 
observed at ~3230 and 3360 cm-1, the IRMPD spectra of the d6-analogues of 
(5MeC)H+(C) and (C)H+(5FC) were measured and compared to the protic analogues in 
Figures 5.11 and 5.12, respectively.  Again, because of the intrinsic isotopic 
distribution of bromine, IRMPD measurement on the (C)H+(5BrC) complex is not as 
useful, and thus is not included. As found for the proton-bound homodimers, the first 
overtones of the coupled C=O stretch, NH2 scissoring, and N3–H in-plane bending 
should appear near 3200 and 3370 cm-1, which match reasonably well with the 
unexpected bands at ~3230 and 3360 cm-1 in the measured IRMPD spectrum of the 
proton-bound heterodimers.  Thus, the unexpected bands at ~3230 and 3360 cm-1 in 
the measured IRMPD spectra of all of the proton-bound heterodimers are also assigned 
to the first overtones of the coupled mode comprising the C=O stretch, NH2 scissoring, 
and N3–H in-plane bending.  As a result, the theoretical IR spectrum calculated for the 
ground-state conformation, II+•••i_3a, exhibits very good agreement with the measured 
IRMPD spectrum when the shaded bands and two overtones are excluded, suggesting 
that the ground-state conformations, II+•••i_3a, are indeed accessed in the experiments.  
Transfer of the excess proton from 5MeC to C (or from C to 5FC or 5BrC in the other 
heterodimers) leads to the first excited conformers, i•••II+_3a, where the excess proton 
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is bound to the nucleobase with the lower PA, which lie 2.4–7.4 kJ/mol higher in Gibbs 
free energies than the ground-state conformers.  The calculated IR spectrum of the 
first-excited i•••II+_3a conformer of (5MeC)H+(C) shares similarity with that of the 
ground-state II+•••i_3a conformer.  The calculated band for unresolved free N1–H 
stretches of both rings agrees well with the measured IRMPD band observed at ~3450 
cm-1.  However, the calculated band for the free N4–H stretch of protonated C is red-
shifted by 10 cm-1, whereas the calculated band for the free N4–H stretch of neutral 
5MeC is blue-shifted by 10 cm-1 as compared to the measured IRMPD bands at ~3490 
and 3525 cm-1, respectively.  Based on this comparison, the first-excited i•••II+_3a 
conformer may also be accessed in the experiments, but is likely only present in low 
abundance.  For the third most stable conformers of the (5MeC)H+(C) complex, 
I+•••i_1at, the calculated IR spectrum exhibits only two bands instead of three in the 
region between 3400 to 3550 cm-1.  The most intense band again corresponds to the 
free N1–H and NH2 symmetric stretches, which is red-shifted by a few wavenumbers 
relative to the most intense IRMPD band at ~3450 cm-1.  The free NH2 symmetric 
stretch produces the band at 3565 cm-1, which is blue-shifted by ~75 cm-1 as compared 
to the measured IRMPD band observed at 3490 cm-1.  In addition, the two overtones at 
3230 and 3360 cm-1 should be red-shifted to ~3211 and 3330 cm-1, and the carbonyl 
stretch is no longer coupled with NH2 scissoring.  These differences indicate that the 
I+•••i_1at conformer is not accessed in the experiments. Analogous comparisons for the 
other two proton-bound heterodimers (see Figures 5.12 and 5.13) provide highly 
parallel results, suggesting that the I+•••i_1at conformations of the proton-bound 
heterodimers are not accessed in the experiments. 
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Figure 5.14 compares the measure IRMPD spectra with the calculated IR 
spectra of the ground-state II+•••i_3a and first excited i•••II+_3a conformations for the 
three proton-bound heterodimers and the (C)H+(C) complex.  The bands highlighted in 
red and blue correspond to the N4–H stretches of the neutral and protonated rings, 
respectively.  Frequencies and assignments of the vibrational modes in the region of 
3400 and 3600 cm-1 for each proton-bound heterodimer are provided Table S2 of the 
Supporting Information of reference 32.  As found for the proton-bound homodimers, 
the calculated linear IR spectra of the ground-state II+•••i_3a conformations accurately 
reproduce the shifts associated with these two bands observed in the experiments. 
Thus, for all three heterodimers, the ground-state II+•••i_3a conformers are accessed in 
the experiments. Comparisons of the measured IRMPD spectra with the calculated IR 
spectra of first excited i•••II+_3a conformations shows that the predicted band positions 
of the N4–H stretches do not match well with the bands observed in the experiments. 
The differences include a red-shift of the N4–H stretch of protonated base, a blue-shift 
of the N4–H stretch of neutral base, and therefore a larger frequency difference 
between these two bands.  Due to the broadening of the measure IRMPD bands, it is 
difficult to definitely establish the presence or absence of the first-excited i•••II+_3a 
conformers. However, as discussed previously, the shifts of the N4–H stretches of the 
protonated and neutral bases suggest that the contributions of the first-excited i•••II+_3a 
conformers are likely very minor. 
 
5.6 Conclusions 
IRMPD action spectra of four proton-bound homodimers, (5xC)H+(5xC), where x 
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= H, F, Br, and Me, and three proton-bound heterodimers, (C)H+(5xC), where x = F, Br, 
and Me, were measured in the 3 μm spectral range.  The measured IRMPD of the four 
homodimers share similarities, but also exhibit shifts in the bands positions due to the 
influence of the modifications. Comparison of the measured IRMPD spectra to the IR 
spectra calculated at B3LYP/6-31G* level of theory for the three most stable 
(5xC)H+(5xC) tautomeric conformations, II+•••i_3a, I+•••i_1at, and III+•••i_1pt, are made 
to identify the species accessed in the experiments.  In all cases, it is clear that the 
only tautomeric conformation accessed in the experiments is the II+•••i_3a 
conformation, in agreement with the predicted ground-state structures for these 
complexes and the large difference in relative free energies for the excited conformers.  
In the case of the proton-bound heterodimers, the measured IRMPD spectra exhibit IR 
behaviour similar to that of the homodimers, and also exhibit shifts in the bands 
positions as the function of the modifications.  Comparison of the measured IRMPD 
spectra to the IR spectra calculated at B3LYP/6-31G* level of theory for the three most 
stable (C)H+(5xC) tautomeric conformations, II+•••i_3a, i•••II+_3a, and I+•••i_1at, are 
made to identify the conformations accessed in the experiments. In all cases, the 
ground-state structures, II+•••i_3a, which involve an excited minor tautomer II+ of the 
protonated base binding to the ground-state tautomer of the neutral base, are accessed 
in the experiments.  The first-excited conformers of the proton-bound heterodimers, 
i•••II+_3a, where the excess proton is now bound to the base with the lower PA, and 
which lie 2.4–7.4 kJ/mol higher in free energy, may also be accessed in the 
experiments, but are likely only present in low abundance.  Based on the combination 
of experimental and theoretical results presented here, it is clear that the modifications 
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alter the relative stabilities of the various conformations of the proton-bound dimers.  
However, their effects are small enough that the preferred tautomeric conformations 
and binding modes are not significantly altered. Calculations performed here suggest 
that this binding is quite strong, 160.3 to 173.4 kJ/mol, which is much stronger than 
typical Watson-Crick G•C base pairing.  Therefore, the base-pairing energies in the 
ground-state proton-bound dimers were determined using the threshold collision-
induced dissociation (TCID) techniques to understand the effects of modifications on the 
strength of binding. The results are discussed in detail in the following chapters. 
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Figure Captions 
 
Figure 5.1. IRMPD action spectra of (5xC)H+(5xC) homodimers, where x = H, F, Br, and 
Me. 
 
Figure 5.2. IRMPD action spectra of (C)H+(5xC) heterodimers, where x = H, F, Br, and 
Me. 
 
Figure 5.3. B3LYP/6-31G* optimized geometries of the six most stable tautomeric 
conformations of 5-methylcytosine, 5MeC. 
 
Figure 5.4. B3LYP/6-31G* optimized geometries of the six most stable tautomeric 
conformations of protonated 5-methylcytosine, H+(5MeC). 
 
Figure 5.5. B3LYP/6-31G* optimized geometries of the three most stable tautomeric 
conformations of the proton-bound (5MeC)H+(5MeC) homodimer and (5MeC)H+(C) 
heterodimer.  
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Figure 5.6. Comparison of the measured IRMPD action spectrum of the 
(5MeC)H+(5MeC) complex and its d6-analogue with the IR spectra of the three most 
stable tautomeric conformations of the (5MeC)H+(5MeC) complex predicted at the 
B3LYP/6-31G* level of theory. The dashed line indicates that the IRMPD yield of the d6-
analogue has been multiplied by a factor of 1.5 over this region, whereas the dotted 
lines indicate that the IR intensities have been scaled down by a factor of 2.5 and 3.0 
over this region, respectively. 
 
Figure 5.7. Comparison of the measured IRMPD action spectrum of the (C)H+(C) 
complex and its d6-analogue with the IR spectra of the three most stable tautomeric 
conformations of the (C)H+(C) complex predicted at the B3LYP/6-31G* level of theory. 
The dashed line indicates that the IRMPD yield has been multiplied by a factor of 7.0 
over this region, whereas the dotted lines indicate that the calculated IR intensities have 
been scaled down by a factor of 2.0 and 3.0 over this region, respectively.  
 
Figure 5.8. Comparison of the measured IRMPD action spectrum of the (5FC)H+(5FC) 
complex and its d6-analogue with the IR spectra of the three most stable tautomeric 
conformations of the (5FC)H+(5FC) complex predicted at the B3LYP/6-31G* level of 
theory. The dashed line indicates that the IRMPD yield has been multiplied by a factor 
of 1.4 over this region, whereas the dotted lines indicate that the calculated IR 
intensities have been scaled down by a factor of 2.0 and 3.0 over this region, 
respectively. 
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Figure 5.9. Comparison of the measured IRMPD action spectrum of the 
(5BrC)H+(5BrC) complex with the IR spectra of the three most stable tautomeric 
conformations of the (5BrC)H+(5BrC) complex predicted at the B3LYP/6-31G* level of 
theory. The dotted lines indicate that the calculated IR intensities have been scaled 
down by a factor of 2.0 and 3.5 over this region, respectively. 
 
Figure 5.10. Comparison of the measured IRMPD action spectra of the (5xC)H+(5xC) 
homodimers, where x = H, F, Br, and Me, with the calculated IR spectra of the 
corresponding ground-state II+•••i_3a conformations predicted at the B3LYP/6-31G* 
level of theory. The solid line spectra on the left are the measured IRMPD action 
spectra, whereas the dashed line spectra on the right are the calculated IR spectra. The 
bands highlighted in red and blue are the N4–H stretches of the neutral and protonated 
rings, respectively.  
 
Figure 5.11. Comparison of the measured IRMPD action spectrum of the (5MeC)H+(C) 
complex and its d6-analogue with the IR spectra of the three most stable tautomeric 
conformations of (5MeC)H+(C) complex predicted at the B3LYP/6-31G* level of theory. 
The dashed line indicates that the IRMPD yield of the d6-analogue has been multiplied 
by a factor of 1.7 over this region, whereas the dotted lines indicate that the IR 
intensities have been scaled down by a factor of 2.5 over this region. 
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Figure 5.12. Comparison of the measured IRMPD action spectrum of the (C)H+(5FC) 
complex and its d6-analogue with the IR spectra of the three most stable tautomeric 
conformations of the (C)H+(5FC) complex predicted at the B3LYP/6-31G* level of 
theory. The dashed line indicates that the IRMPD yield has been multiplied by a factor 
of 1.6 in this region, whereas the dotted lines indicate that the calculated IR intensities 
have been scaled down by a factor of 2.0 over this region. 
 
Figure 5.13. Comparison of the measured IRMPD action spectrum of the (C)H+(5BrC) 
complex with the IR spectra of the three most stable tautomeric conformations of the 
(C)H+(5BrC) complex predicted at the B3LYP/6-31G* level of theory. The red and blue 
dotted lines indicate that the calculated IR intensities have been scaled down by a factor 
of 2.0 over this region. 
 
Figure 5.14. Comparison of the measured IRMPD action spectra of the (C)H+(5xC) 
heterodimers, where x = F, Br, and Me, with the calculated IR spectra of the ground-
state II+•••i_3a and first excited i•••II+_3a conformations predicted at the B3LYP/6-31G* 
level of theory. The measure IRMPD and calculated IR spectra of the (C)H+(C) complex 
is included for comparison. The solid line spectra on the left are the measured IRMPD 
action spectra, whereas the dashed and dotted line spectra on the right are the 
calculated IR spectra. The bands highlighted in red and blue are the N4–H stretches of 
the neutral and protonated rings, respectively. 
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CHAPTER 6 
BASE-PAIRING ENERGIES OF PROTON-BOUND HOMODIMERS DETERMINED BY 
GUIDED ION BEAM TANDEM MASS SPECTROMETRY: APPLICATION TO 
CYTOSINE AND 5-SUBSTITUTED CYTOSINES 
Portions of this chapter were reprinted with permission from Yang, B.; Wu, R. R.; 
Rodgers, M. T. Base-Pairing Energies of Proton-Bound Homodimers Determined by 
Guided Ion Beam Tandem Mass Spectrometry: Application to Cytosine and 5-
Substituted Cytosines. Anal. Chem. 2013, 85, 11000. Copyright 2013 American 
Chemical Society. 
 
6.1 Introduction 
As discussed in Section 1.3.3, the DNA i-motif conformation was first discovered 
in 1993 by Gehring and coworkers 1  and later on in (CCG)n•(CGG)n trinucleotide 
repeats.2  The secondary structure of the DNA i-motif is a four-stranded structure 
consisting of parallel-stranded DNA duplexes zipped together in an anti-parallel 
orientation by intercalated proton-bound dimers of cytosine (C+•C).1 Recently studies 
have shown that the structure of the i-motif is conserved in the gas phase when 
electrospray ionization (ESI) is used as the ionization technique,3 indicating that gas-
phase studies can indeed provide insight into solution-phase structure and function. 
However, the 5-postion of cytosine is often methylated in vivo.  Indeed, large 
numbers of (CCG)n•(CGG)n repeats have been found to lead to marked methylation of 
both the CGG repeats and the FMR1 promoter, resulting in transcriptional silencing of 
the FMR1 gene and a deficiency of its protein product, FMRP.4,5  Halogenation at the 
5-position could also exert profound biological consequences and influence DNA-
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protein interactions based on its size and electron-withdrawing properties.  
Oligonucleotides containing 5-bromocytosine have been shown to exhibit similar binding 
affinity for methyl-CpG binding proteins that selectively bind methylated DNA.6  The 
smaller fluorine substituent is a mimic of hydrogen with respect to size.  However, the 
electron-withdrawing capacity of fluorine distinguishes it from hydrogen in its influence 
on enzymatic reactions.  For instance, 5-fluorocytosine residues of oligonucleotides 
covalently bind DNA methyltransferases from both bacteria and mammals.7-9 Various 
studies have probed 5-substitued cytosines in terms of their effects on DNA-protein 
interactions, but how these modifications alter the strength of hydrogen bonding 
interactions in base-pairs and hence produce changes in DNA structure and function 
are still unclear.   
To facilitate energetic comparisons, geometry optimizations were also performed 
on neutral C, G, and canonical Watson-Crick G•C and noncanonical C•C base pairs at 
the B3LYP/6-31G*/level of theory. Single point energy calculations are also performed 
on these species at the B3LYP/6-311+G(2d,2p) level of theory to obtain theoretical 
estimates for the base pairing energies (BPEs).  The BPE calculated for the proton-
bound dimer of cytosine (C+•C) is 169.7 kJ/mol, whereas BPEs of the canonical 
Watson-Crick G•C and neutral C•C base pairs are only 96.6 and 68.0 kJ/mol, 
respectively, indicating that the stronger base-pairing interactions in the C+•C 
homodimer are likely the major factor that helps overcome the tension of the strand 
reversal and stabilizes noncanonical DNA i-motif conformations.  Given the important 
biological roles that DNA i-motif conformations play in several human diseases, a 
comprehensive study is needed to determine the BPE of the proton-bound homodimer 
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of cytosine, and the influence of various modifications at the 5-position on the BPE. 
Recently, the gas-phase structures of the proton-bound homodimers of cytosine 
(C), 5-fluorocytosine (5FC), 5-bromocytosine (5BrC), and 5-methylcytosine (5MeC) 
were studied using infrared multiple photon dissociation (IRMPD) action spectroscopy 
techniques.10  The structure of proton-bound homodimer was found to be consistent 
with that reported in condensed-phase NMR studies,1 and methylation or halogenation 
at the 5-position of cytosine does not alter the preferred base-pairing interactions.  
However, quantitative determination of the strength of the BPEs of these proton-bound 
dimers remains elusive. To achieve a comprehensive understanding of how 
modifications influence the stabilities of proton-bound homodimers of cytosine, we 
expand the complexes of interest to include 5-iodocytosine (5IC) in the present work.  
The BPEs of the proton-bound homodimers of cytosine and modified cytosines 
generated by ESI are determined using threshold collision-induced dissociation (TCID) 
techniques in a guided ion beam tandem mass spectrometer.  The measured values 
are compared with theoretical results calculated at the B3LYP and MP2(full) levels of 
theory to evaluate the ability of each level of theory for predicting accurate energetics.11  
 
6.2 Threshold Collision-Induced Dissociation Experiments 
TCID of five proton-bound homodimers, (5xC)H+(5xC), where x = H, Me, F, Br, 
and I, was studied using a guided ion beam tandem mass spectrometer that has been 
described in detail previously.12 The (5xC)H+(5xC) complexes were generated by ESI 
from solutions containing 0.5–1 mM cytosine or modified cytosine and 1% (v/v) acetic 
acid in an approximately 50%:50% MeOH:H2O mixture. The (5xC)H+(5xC) ions are 
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desolvated, focused, and thermalized in an rf ion funnel and hexapole ion guide collision 
cell interface. The thermalized ions emanating from the hexapole ion guide are 
extracted, accelerated, and focused into a magnetic sector momentum analyzer for 
mass analysis.  Mass-selected M+(cytosine) complexes are decelerated to a desired 
kinetic energy and focused into a radio frequency (rf) octopole ion beam guide.13-15 The 
octopole passes through a static gas cell where the reactant (5xC)H+(5xC) homodimers 
undergo CID with Xe16-18 under nominally single collision conditions, ~0.05–0.10 mTorr. 
The product and unreacted (5xC)H+(5xC) ions drift to the end of the octopole where they 
are focused into a quadrupole mass filter for mass analysis. The ions are detected using 
a secondary electron scintillation (Daly) detector and standard pulse counting 
techniques. Details of the experimental procedures and thermochemical analysis of 
experimental data are given in Chapter 2. 
 
6.3 Theoretical Calculations 
In previous work, the stable low-energy tautomeric conformations of 5xC, 
H+(5xC), and (5xC)H+(5xC) dimers, where x = H, F, Br, and Me were examined at the 
B3LYP/6-31G* level as described in detail in Chapter 5. In the present study, geometry 
optimizations and frequency analyses of the low-energy tautomeric conformations of the 
5xC, H+(5xC), and (5xC)H+(5xC) dimers, where x = H, Me, F, Br, and I were performed 
using Gaussian 0919 at the B3LYP/6-31G*, B3LYP/def2-TZVPPD,20 and MP2(full)/6-
31G* levels of theory. Calculations for 5IC, H+(5IC) and (5IC)H+(5IC) were performed at 
the same levels of theory except that the I atom was described using the valence basis 
sets and effective core potentials (ECPs) developed by Hay and Wadt21 when the 6-
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31G* basis set was used, whereas those developed by Peterson et al.22 were used with 
the def2-TZVPPD basis set.  The polarizabilities of the neutral nucleobases required for 
threshold analyses are calculated at the PBE1PBE/6-311+G(2d,2p) level of theory, 
which has been shown to provide polarizabilities that exhibit better agreement with 
experimental values than the B3LYP functional employed here for structures and 
energetics.23  Relaxed potential energy surface (PES) scans were performed at the 
B3LYP/6-31G* level of theory to provide candidate structures for the transition states 
(TSs) for adiabatic dissociation of the ground-state conformations of the proton-bound 
homodimers to produce ground-state conformations of the neutral and protonated 
nucleobase products.  The actual TSs were obtained using the quasi synchronous 
transit method, QST3,24 at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, and MP2(full)/6-
31G* levels of theory, using the input from the relevant minima (reactant and products) 
and an estimate of the TS obtained from the relaxed PES scans.  Single point energy 
calculations for the 5xC, H+(5xC), TSs, and (5xC)H+(5xC) complexes were performed at 
the B3LYP/6-311+G(2d,2p), B3LYP/def2-TZVPPD, MP2(full)/6-311+G(2d,2p), and 
MP2(full)/def2-TZVPPD levels of theory using geometries optimized at the B3LYP/6-
31G*, B3LYP/def2-TZVPPD, MP2(full)/6-31G*, and B3LYP/def2-TZVPPD levels, 
respectively.  Zero-point energy (ZPE) corrections were determined using vibrational 
frequencies calculated at the B3LYP and MP2(full) levels of theory and scaled by a 
factor of 0.9804 and 0.9646, respectively.25  To obtain accurate energetics, basis set 
super-position error corrections (BSSEs) are also included in the calculated BPEs using 
the counterpoise approach. 26, 27 Details of the theoretical calculations are given in 
Chapter 2. 
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6.4 Results 
6.4.1 Cross Sections for Collision-Induced Dissociation 
Experimental cross sections were obtained for the interaction of Xe with five 
(5xC)H+(5xC) proton-bound homodimers, where x = H, Me, F, Br, and I. The energy 
dependent CID cross sections of all five (5xC)H+(5xC) dimers exhibit similar behavior 
and are included in the Figure 6.1.  Over the collision energy range examined, typically 
~0–6 eV, the only dissociation pathway observed for these complexes corresponds to 
cleavage of the three hydrogen bonds responsible for the binding in these species 
resulting in loss of the neutral nucleobase in the CID reactions 6.1. 
(5xC)H+(5xC) + Xe → H+(5xC) + 5xC + Xe                        (6.1) 
 
6.4.2 Theoretical Results   
Theoretical structures for the (5xC)H+(5xC) complexes were calculated as 
described in the Theoretical Calculations Section. All of the stable tautomeric 
conformations of the neutral 5xC and protonated H+(5xC) nucleobases as well as the 
(5xC)H+(5xC) proton-bound dimers, where x = H, F, Br, and Me have previously been 
examined at the B3LYP/6-31G* level of theory in the IRMPD studies discussed in 
Chapter 5. These calculations are expanded here to include structures determined for 
5IC, H+(5IC) and (5IC)H+(5IC) as well as optimizations at the B3LYP/6-31G*, 
B3LYP/def2-TZVPPD, and MP2(full)/6-31G* levels of theory using the relevant valence 
basis sets and ECPs for I described in the Theoretical Calculations section.  The 
geometry-optimized structures of all tautomeric conformations computed and their 
relative Gibbs free energies at 298 K of neutral 5IC, protonated H+(5IC), and the proton 
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bound (5IC)H+(5IC) dimer are included in Figure S2 of the Supporting Information of 
reference 11, whereas analogous results for the other species can be found in Figures 
S1 through S3 of the Supporting Information of reference 10.  A detailed discussion of 
the tautomeric conformations of 5xC, H+(5xC), and (5xC)H+(5xC) complexes can be 
found in Section 5.4.2.  
The B3LYP/6-31G* ground-state structures of the five proton-bound homodimers 
are shown in Figure 6.2.  As can be seen in the figure, the ground-state structure of all 
five proton-bound homodimers involves three hydrogen bonds and adopts an anti-
parallel configuration of the protonated and neutral bases, which is the most commonly 
observed conformation in multi-stranded DNAs. This conformer is designated as 
II+•••i_3a to indicate that the excited II+ tautomeric conformation of the protonated base, 
H+(5xC), binds to the ground-state i tautomeric conformation of the neutral base, 5xC. 
It is unclear whether tautomerization to the ground-state conformation of the 
protonated nucleobases, I+, will occur during the dissociation process.  Therefore, PES 
and TS calculations were performed to determine the height of the tautomerization 
barriers.  The reaction coordinate diagram for tautomerization of all five (5xC)H+(5xC) 
complexes are shown in Figure 6.3.  The relative energies along the PESs for the 
adiabatic and diabatic dissociation pathways determined at all four levels of theory for 
all five proton-bound homodimers are summarized in Table 6.1.  In the TSs of all five 
proton-bound homodimers, the excess proton is chelating with the O2 and N3 atoms. 
As can be seen in the PESs of Figure 6.3, the barriers to tautomerization (173.8‒184.3 
kJ/mol) exceed the diabatic dissociation energies (162.8–173.3 kJ/mol) by 7.5‒15.1 
kJ/mol, indicating that at threshold, tautomerization will not occur.  The tautomerization 
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barriers are also determined at the B3LYP/6-311+G(2d,2p), MP2(full)/6-311+G(2d,2p), 
and MP2(full)/def2-TZVPPD levels to ensure that the barriers computed are not highly 
sensitive to the basis sets and level of theory employed.  As can be seen in Table 6.1, 
the computed tautomerization barriers exceed the diabatic dissociation energies for all 
five proton-bound homodimers regardless of the level of theory employed, confirming 
that tautomerization will not occur upon dissociation at threshold energies.  Diabatic 
BPEs including ZPE and BSSE corrections calculated at the B3LYP and MP2(full) 
levels of theory using the 6-311+G(2d,2p) and def2-TZVPPD basis sets are 
summarized in Table 6.2. 
 
6.4.3 Threshold Analysis 
The model of equation 2.3 (Chapter 2) was used to analyze the thresholds 
for reaction 6.1 for five (5xC)H+(5xC) homodimers. As indicated by the theoretical 
results, tautomerization will not occur upon CID at threshold energies such that the 
tautomeric forms of the neutral and protonated nucleobase products are the same as in 
the proton-bound homodimers, II+ and i.  Theoretical calculations also found that the 
hydrogen bond involving the excess proton provides ~100 kJ/mol stabilization energy 
for the proton-bound dimer, whereas the two additional neutral hydrogen bonds each 
add ~30 kJ/mol additional stabilization energies.  Therefore, the reaction coordinate 
involves lengthening of the N3−H+•••N3 hydrogen bond, which leads to simultaneous 
lengthening and cleavage of the other two neutral hydrogen bonds.  Based on the 
computational results, a loose phase space limit (PSL) TS model28 is applied.  The 
results of these analyses are summarized in Table 6.3 and shown in Figure 6.4. The 
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thresholds determined are also summarized in Table 6.2. In all cases, the experimental 
cross sections for reaction 6.1 are accurately reproduced using a loose PSL TS model 
for the (5xC)H+(5xC)_II+•••i_3a → H+(5xC)_II+ + 5xC_i CID pathway.  The measured 
CID cross sections were also modeled using the tight TS associated with adiabatic 
dissociation of the proton-bound dimer (as shown in Figure 6.3) to ensure proper 
interpretation of the experimental data.  However, the threshold energies decrease by 
~50 kJ/mol, and the resultant entropy of activation is negative.  The threshold values 
extracted in this case exhibit extremely poor agreement with all four levels of theory, 
confirming that diabatic dissociation via a loose PSL TS is the pathway by which these 
proton-bound dimers dissociate.  Table 6.3 also includes threshold values, E0, 
obtained without inclusion of the RRKM lifetime analysis.  Comparison of these results 
with the E0(PSL) values provides a measurement of the kinetic shift associated with the 
finite experimental time window, which increases from 0.36 eV for the (C)H+(C) complex 
to 0.65 eV for the (5MeC)H+(5MeC) complex.  Halogenation has little impact on the 
kinetic shift as it does not alter the number of vibrational modes available to the proton-
bound homodimer.  The kinetic shifts for the (5FC)H+(5FC), (5BrC)H+(5BrC), and 
(5IC)H+(5IC) complexes increase as the size of the halogen substituent increases, and 
are 0.37, 0.40, and 0.44 eV, respectively.  
The entropy of activation, ∆S†, provides a measure of the looseness of the TS 
and also a reflection of the complexity of the system. ∆S† is largely determined from the 
molecular constants used to model the energized molecule and the TS, but also 
depends on the threshold energy, E0.  The ∆S†(PSL) values at 1000 K are listed in 
Table 6.3, and vary between 94 and 107 J K-1 mol-1 across these systems.  The large 
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positive entropy of activation computed results from the fact that while the two neutral 
hydrogen bonds contribute to the stability, they also conformationally constrain the 
reactant proton-bound dimer such that there is a large increase in entropy upon 
dissociation. 
 
6.5 Discussion   
6.5.1 Comparison of Experiment and Theory 
Diabatic BPEs of the proton-bound homodimers at 0 K measured here by TCID 
techniques are summarized in Table 6.2.  Also listed in Table 6.2 are the BPEs of the 
proton-bound homodimers calculated at the B3LYP and MP2(full) levels of theory using 
the 6-311+G(2d,2p) and def2-TZVPPD basis sets, and including ZPE and BSSE 
corrections. The agreement between the measured and calculated BPEs at all four 
levels of theory are illustrated in Figure 6.5. Overall, the B3LYP results exhibit better 
agreement with the measured BPEs, whereas the MP2(full) values are systematically 
low.  The mean absolute deviations (MADs) between theory and experiment for the 
B3LYP/def2-TZVPPD and B3LYP/6-311+G(2d,2p) levels of theory are 3.1 ± 2.4 and 3.5 
± 2.2 kJ/mol, respectively.  The MADs for the B3LYP results are smaller than the 
average experimental uncertainty (AEU) in these values, 4.7 ± 0.6 kJ/mol, suggesting 
that the B3LYP level of theory accurately describes the hydrogen-bonding interactions 
in these proton-bound homodimers, with the def2-TZVPPD results being slightly more 
accurate.  The MP2(full) level of theory does not perform nearly as well.  The MADs 
between the MP2(full)/def2-TZVPPD and MP2(full)/6-311+G(2d,2p) results and the 
measured values are 36.0 ± 6.2 and 35.1 ± 4.5 kJ/mol, respectively, significantly greater 
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than the MADs for the B3LYP values and the AEU.  The agreement between MP2(full) 
calculated and TCID measured values improves to 21.7 ± 5.1 and 15.6 ± 4.3 kJ/mol 
when BSSE corrections are not included.  This is consistent with previous theoretical 
studies of hydrogen-bonded complexes,29- 36 which have shown that at least triple-zeta-
quality basis sets are required to accurately describe systems where there can be 
significant intramolecular noncovalent interactions, and the BSSE corrections can get 
rather large for MP2 calculations when flexible but still unsaturated basis sets are used.  
Based on the comparisons between theory and experiment, it is clear that B3LYP 
theory describes the base-pairing interactions in the proton-bound dimers more 
accurately, whereas MP2(full) underestimates the strength of the base-pairing 
interactions in all five complexes.  The excellent agreement achieved for the B3LYP 
level of theory also confirms that the loose PSL TS model is the proper choice for 
describing the TSs in these systems. 
 
6.5.2 Influence of Modifications on the Strength of Base-Pairing Interactions 
The experimental and calculated BPEs of the proton-bound homodimers at 0 K 
are listed in Table 6.2. The BPEs of the (5xC)H+(5xC) complexes are found to decrease 
when the nucleobases are halogenated, and increase when methylated.  This is the 
expected behavior, and is easily understood based on the electronic properties of the 
modifications. The electron-donating methyl group stabilizes the positive charge 
resulting from the excess proton and increases the BPE, whereas electron-withdrawing 
halogens destabilize the positive charge associated with the excess proton, and weaken 
the BPE.  The correlation between the polarizabilities of the nucleobases and the BPEs 
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are shown in Figure 6.6, part a.  A linear regression fit through the data for the 
(C)H+(C), (5BrC)H+(5BrC), and (5IC)H+(5IC) complexes is also shown. The 
(5MeC)H+(5MeC) complex deviates from this simple trend due to the electron-donating 
character of the methyl substituent as compared to the electron-drawing halogens.  It 
also appears that both the conjugation and inductive effects of the halogens influence 
the BPEs.  The strong electronegativity of fluorine overcomes the donation of the 
unpaired electrons to the aromatic ring, resulting in a smaller BPE for the (5FC)H+(5FC) 
complex.  The correlation between the calculated N3 PAs of the nucleobase and 
measured BPEs is shown in Figure 6.6, part b.  The BPE clearly increases as the N3 
PA of the nucleobase increases.  This is easily understood because the nucleobase 
with the higher N3 PA binds the excess proton more tightly, leading to a stronger 
hydrogen bonding interaction, and a concomitant increase in the energy required to 
break the noncovalent interactions. 
 
6.5.3 Implications for the Stability of DNA i-Motif Conformations 
The base-pairing interactions in the proton-bound dimer of cytosine are the major 
forces responsible for stabilization of DNA i-motif conformations.  Present TCID studies 
of proton-bound homodimers of cytosine and modified cytosines find that 5-methylation 
of cytosine increases the BPEs of the proton-bound homodimer, and therefore 
permethylation of cytosine should enhance the stability of DNA i-motif conformations.  
These results also suggest that hypermethylation of CCG repeats, which is the cause of 
fragile-X syndrome, occurs to further stabilize i-motif conformations.  In contrast, 5-
halogenation of cytosine destabilizes the proton-bound homodimer, and thus would also 
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tend to destabilize DNA i-motif conformations.  However, the BPEs of the 5-
halocytosine homodimers, where x = F, Br, and I, are still much greater than that of 
canonical Watson-Crick G•C and neutral C•C base pairs, suggesting that DNA i-motif 
conformations are still favored over conventional base pairing.  Thus, although 5-
halogenation of cytosine on both strands tends to weaken the base-pairing interactions 
in the proton-bound dimers of cytosine, the effects are sufficiently small that i-motif 
conformations should be stable to modification.  However, the decrease in the stability 
upon halogenation would likely increase the number of repeats necessary to induce 
dsDNA to i-motif conversion. Only in the case of hypermethylation are base-pairing 
interactions enhanced, and this modification leads to the diseased state associated with 
the fragile-X syndrome. 
 
6.6 Conclusions 
The energy-dependent collision-induced dissociation behavior of five proton-
bound homodimers, (5xC)H+(5xC), where x = H, Me, F, Br, and I, are examined in a 
guided ion beam tandem mass spectrometer.  The only CID pathway observed for all 
five homodimers over the range of collision energies examined corresponds to cleavage 
of the three hydrogen bonds responsible for the binding in these species, resulting in 
loss of an intact neutral nucleobase.  PESs were calculated to determine the height of 
tautomerization barrier for adiabatic dissociation of the ground-state conformations of 
proton-bound homodimers to produce ground-state conformations of the neutral and 
protonated nucleobase products.  The calculations confirm that the barrier exceeds the 
diabatic dissociation energy such that tautomerization will not occur upon dissociation at 
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or near threshold energies.  Thresholds corresponding to diabatic BPEs for these CID 
reactions are determined after careful consideration of the effects of the kinetic and 
internal energy distributions of the (5xC)H+(5xC) and Xe reactants, multiple collisions 
with Xe, and the lifetime of the activated (5xC)H+(5xC) complexes using a loose PSL TS 
model.  Molecular parameters required for the threshold analysis of experimental data 
as well as structures and theoretical estimates for the BPEs of the (5xC)H+(5xC) 
complexes are determined from theoretical calculations performed at the B3LYP and 
MP2(full) levels of theory using the 6-311+G(2d,2p) and def2-TZVPPD basis sets.  
Excellent agreement between experimental and theoretical values is found for the 
B3LYP level of theory, whereas MP2(full) theory produces values that are 
systematically low.  The influence of the modifications on the strength of the base-
pairing interactions correlates well with the electronic properties of these substituents.  
The electron-donating methyl substituent stabilizes the positive charge resulting from 
the excess proton and increases the BPE by 7.5 kJ/mol, indicating that 
hypermethylation of CCG repeats, which is the cause of fragile-X syndrome, occurs to 
further stabilize DNA i-motif conformations.  In contrast, electron-withdrawing halogens 
destabilize the positive charge associated with the excess proton, and weaken the BPE 
by 1.4 to 7.2 kJ/mol, and therefore would tend to destabilize DNA i-motif conformations.  
However, the BPEs of the proton-bound 5-halocytosine homodimers are still much 
greater than that of canonical Watson-Crick G•C and neutral C•C base pairs, suggesting 
that the effects of 5-halogenation are sufficiently small so that i-motif conformations 
should be stable to these modifications, but would likely alter the number of trinucleotide 
repeats needed to induce dsDNA to i-motif conversion. Trends in the measured and 
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calculated BPEs indicate that both conjugation and inductive effects of the halogens 
influence the BPEs.   
 
6.7 References 
(1) Gehring, K.; Leroy, J.-L.; Guéron, M. Nature 1993, 363, 561. 
(2) Fotjík, P.; Vorlícková, M. Nucleic Acids Res. 2001, 29, 4684. 
(3) Rosu, F.; Gabelica, V.; Joly, L.; Grégoire, G.; Pauw, E. D. Phys. Chem. Chem. Phys. 
2010, 12, 13448. 
(4) Sutcliffe, J. S.; Nelson, D. L.; Zhang, F.; Pieretti, M.; Caskey. C. T.; Saxe, D.; 
Warren, W. T. Hum. Mol. Genet. 1992, 1, 397. 
(5) Oberlé, I.; Rousseau, F.; Heitz, D.; Kretz, C.; Devys, D.; Hanauer, A.; Boué, J.; 
Bertheas, M. F.; Mandel, J. L. Science, 1991, 252, 1097. 
(19) Valinluck, V.; Liu, P.; Kang, J. I. Jr.; Burdzy, A.; Sowers, L. C. Nucleic Acids Res. 
2005, 33, 3057. 
(7) Vanetich, K. M.; Santi, D. V. Adv. Exp. Med. Biol. 1998, 244, 113. 
(8) Smith, S. S.; Kaplan, B. E.; Sowers, L. C.; Newman, E. M. Proc. Natl. Acad. Sci. 
USA. 1992, 89, 4744. 
(9) Klimasauskas, S.; Kumar, S.; Roberts, R. J.; Cheng, X. Cell 1994, 76, 357. 
(10) Yang, B.; Wu, R. R.; Berden, G.; Oomens, J.; Rodgers, M. T. J. Phys. Chem. B. 
2013, 117, 14191. 
(11)Yang, B.; Wu, R. R.; Rodgers, M. T. Anal. Chem. 2013, 85, 11000. 
(12) Rodgers, M. T. J. Phys. Chem. A 2001, 105, 2374 
(13) Teloy, E.; Gerlich, D. Chem. Phys. 1974, 4, 417.  
  
 
 174 
(14) Gerlich, D. Diplomarbeit, University of Freiburg, Federal Republic of Germany, 
1971. 
(15) Gerlich, D. In State-Selected and State-to-State Ion-Molecule Reaction Dynamics, 
Part I, Experiment, C.-Y. Ng and M. Baer, Eds., Adv. Chem. Phys. 1992, 82, 1. 
(16) Dalleska, N. F.; Honma, K.; Armentrout, P. B. J. Am. Chem. Soc. 1993, 115, 
12125. 
(17) Aristov, N.; Armentrout, P. B. J. Phys. Chem. 1986, 90, 5135. 
(18) Hales, D. A.; Armentrout, P. B. J. Cluster Sci. 1990, 1, 127. 
(19) Frisch, M. J.; et al. Gaussian 09, Revision A.1, Gaussian, Inc., Wallingford, CT, 
2009. See Chapter 2 for full reference. 
(20) Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297.  
(21) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299. 
(22) Peterson, K. A.; Figgen, D.; Goll, E.; Stoll, H.; Dolg, M. J. Chem. Phys. 2003, 119, 
11113. 
(23) Smith, S. M.; Markevitch, A. N.; Romanov, D. A.; Li, X.; Levis, R. J.; Schlegel, H. B. 
J. Phys. Chem. A 2000, 108, 11063. 
(24) Peng, C.; Schlegel, H. B. Isr. J. Chem. 1993, 33, 449. 
(25) Exploring Chemistry with Electronic Structures Methods, 2nd Ed.; Foresman, J. B.; 
Frisch, Æ.Gaussian: Pittsburg, 1996, p.64. 
(26) Boys, S. F.; Bernardi, R. Mol. Phys. 1979, 19, 553. 
(27) van Duijneveldt, F. B.; van Duijneveldt-van de Rijdt, J. G. C. M.; van Lenthe, J. H. 
Chem. Rev. 1994, 94, 1873. 
(28) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B. J. Chem. Phys. 1997, 106, 4499. 
 
 
 175 
(29) Sim, F.; St-Amant, A.; Pápai, I.; Salahub, D. R. J. Am. Chem. Soc. 1992, 114, 
4391. 
(30) Laasonen, K.; Parrinello, M.; Car, R.; Lee, C.; Vanderbilt, D. Chem. Phys. Lett. 
1993, 207, 208. 
(31) Kim, K.; Jordan, K. D. J. Phys. Chem. 1994, 98, 10089.  
(32) Del Bene, J. E.; Person, W. B.; K. Szczepaniak, K. J. Phys. Chem. 1995, 99, 
10705.  
(33) Novoa J. J.; Sosa, C. J. Phys. Chem. 1995, 99, 15837. 
(34) Hobza, P.; Šponer, J.; Reschel, T. J. Comput. Chem. 1995, 16, 1315. 
(35) Suhai, S. J. Phys. Chem. 1995, 99, 1172.  
(36) Valdés, H.; Klusák, V.; Pitoňák, M.; Exner, O.; Starý, I.; Hobza, P.; Rulisek, L. J. 
Comput. Chem. 2008, 29, 861.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 176 
Table 6.1. Relative Energies at 0K in kJ/mol along the PESs for Tautomerization of the 
(5xC)H+(5xC) Complexes upon Dissociation. 
System 
B3LYP  MP2(full) 
def2-TZVPPD 6-311+G(2d,2p)  def2-TZVPPD 6-311+G(2d,2p) 
(C)H+(C)a 0.0 0.0  0.0 0.0 
TSa 180.9 182.2  214.9 203.2 
I+•••ib 168.7 166.9  128.5 125.5 
II+•••ib 169.2 168.9  136.0 136.7 
(5MeC)H+(5MeC)a 0.0 0.0  0.0 0.0 
TSa 184.3 184.7  219.0 206.3 
I+ + ib 169.1 167.7  137.1 125.9 
II+ + ib 173.3 173.4  140.4 141.0 
(5FC)H+(5FC)a 0.0 0.0  0.0 0.0 
TSa 174.7 176.0  206.6 194.4 
I+ + ib 156.1 153.3  124.9 111.5 
II+ + ib 167.2 165.7  135.3 134.0 
(5BrC)H+(5BrC)a 0.0 0.0  0.0 0.0 
TSa 173.8 174.7  202.1 192.4 
I+ + ib 156.5 152.3  119.8 111.4 
II+ + ib 162.8 161.5  126.1 127.6 
(5IC)H+(5IC)a 0.0 0.0  0.0 0.0 
TSa 174.8 175.6  206.3 192.4 
I+ + ib 157.9 154.6  115.6 111.4 
II+ + ib 162.8 161.1  126.1 127.0 
a Including ZPE corrections. bIncluding ZPE and BSSE corrections. 
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Table 6.2. Base-Pairing Energies of (5xC)H+(5xC) Complexes at 0 K in kJ/mol.a 
x TCID 
B3LYPb  MP2(full)c 
D0 D0, BSSEd  D0 D0, BSSEd 
H 169.9 (4.6) 171.7 
170.1 
168.9 
169.2 
 155.2 
149.3 
136.7 
136.0 
Me 177.4 (5.3) 176.3 
174.2 
173.4 
173.3 
 160.0 
153.3 
141.0 
140.4 
F 162.7 (3.8) 168.9 
168.1 
165.7 
167.2 
 153.4 
148.2 
134.0 
135.3 
Br 168.5 (4.9) 164.7 
163.9 
161.5 
162.8 
 147.5 
140.1 
127.6 
126.1 
I 163.2 (4.7) 164.4 
163.7 
161.1 
162.8 
 147.7 
142.2 
127.0 
126.1 
AEU/MADe 4.7 (0.6) 2.8 (2.2) 
2.8 (2.4) 
3.4 (2.3) 
3.1 (2.4) 
 15.6 (4.3) 
21.7 (5.1) 
35.1 (4.5) 
36.0 (6.2) 
a Present results, uncertainties are listed in parentheses. 
b Calculated at the B3LYP level of theory including ZPE corrections. Values obtained 
using the 6-311+G(2d,2p) basis set are shown in standard font, whereas those 
computed using the def2-TZVPPD basis set are in bold italics. 
c Calculated at the MP2(full) level of theory using the B3LYP/def2-TZVPPD optimized 
geometries and including ZPE corrections. Values obtained using the 6-311+G(2d,2p) 
basis set are shown in standard font, whereas those computed using the def2-TZVPPD 
basis set are in bold italics. 
d Also includes BSSE corrections. 
e Average experimental uncertainty (AEU). Mean absolute deviation (MAD) between the 
measured and computed values. 
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Table 6.3. Fitting Parameters of Equation 2.3, Threshold Dissociation Energies at 0 K, 
and Entropies of Activation at 1000 K of (5xC)H+(5xC) Complexesa 
x σb n 
E0c 
(eV) 
E0(PSL)b 
(eV) 
Kinetic Shift 
(eV) 
∆S† (PSL)b 
(J mol-1 K-1) 
H 15.6 (2.5) 1.3 (0.16) 2.12 (0.05) 1.76 (0.04) 0.36 95 (4) 
Me 22.3 (0.6) 0.9 (0.11) 2.49 (0.06) 1.84 ( 0.06) 0.65 94 (4) 
F 154 (4.3) 1.0 (0.06) 2.06 (0.05) 1.69 ( 0.06) 0.37 98 (4) 
Br 253 (23) 1.0 (0.12) 2.15 (0.06) 1.75 ( 0.05) 0.40 107 (4) 
I 74.9 (5.7) 1.2 (0.06) 2.13 (0.07) 1.69 (0.05) 0.44 96 (6) 
a Present results, uncertainties are listed in parentheses. b Average values for loose PSL 
TS. c No RRKM analysis. 
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Figure Captions 
 
Figure 6.1 Cross sections for CID of (5xC)H+(5xC), where x = H, Me, F, Br, and I, with 
Xe as a function of collision energy in the center-of-mass frame (lower x-axis) and 
laboratory frame (upper x-axis). Data are shown for the Xe pressure of ~0.1 mTorr. 
 
Figure 6.2. B3LYP/def2-TZVPPD optimized geometries of the ground-state II+•••I_3a 
conformations of (5xC)H+(5xC) homodimers, where x = H, Me, F, Br, and I.  
 
Figure 6.3. B3LYP/def2-TZVPPD potential energy surfaces for adiabatic and diabatic 
dissociation of the ground-state II+•••I_3a conformation of the (5xC)H+(5xC) dimer to 
produce ground-state conformations of neutral, 5xC_i, and protonated, H+(5xC)_I+, 
products and the ground-state conformation of neutral, 5xC_i, and the excited 
conformation of protonated, H+(5xC)_II+, products, respectively.  
 
Figure 6.4. Zero-pressure-extrapolated cross sections for CID of (5xC)H+(5xC), where x 
= H, Me, F, Br, and I, with Xe in the threshold region as a function of kinetic energy in 
the center-of-mass frame (lower x-axis) and the laboratory frame (upper x-axis).  The 
solid lines show the best fits to the data using the model of equation 2.3 convoluted 
over the neutral and ion kinetic and internal energy distributions. The dotted lines show 
the model cross sections in the absence of experimental kinetic energy broadening for 
the (5xC)H+(5xC) complexes with an internal temperature of 0 K.  The data and models 
are shown expanded by a factor of 10 and offset from zero in the inset. 
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Figure 6.5. TCID measured (5xC)H+(5xC) BPEs at 0 K (in kJ/mol), where x = H, F, Br, I, 
and Me, plotted versus B3LYP/def2-TZVPPD, B3LYP/6-311+G(2d,2p), MP2(full)/6-
311+G(2d,2p), and MP2(full)/def2-TZVPPD theoretical values in parts a through d, 
respectively. The solid circles (●) represent theoretical values that include BSSE 
corrections, whereas the open circles (○) represent values without BSSE corrections. 
The black solid diagonal line indicates the values for which calculated and measured 
dissociation energies are equal. The black dotted and dashed lines are offset from the 
central diagonal line by the MADs calculated at the indicated level of theory for 
theoretical values including and excluding BSSE corrections, respectively. 
 
Figure 6.6. TCID measured (5xC)H+(5xC) BPEs at 0 K (in kJ/mol), where x = H, Me, F, 
Br, and I, plotted versus the calculated polarizabilities volumes (part a) and the N3 
proton affinities (part b) of the neutral nucleobase (in Å3). The black solid line in part a is 
a linear regression fit to the data for the (C)H+(C), (5BrC)H+(5BrC), and (5IC)H+(5IC) 
complexes. The black solid line in part b is a linear regression fit to all of the data. 
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CHAPTER 7 
BASE-PAIRING ENERGIES OF PROTON-BOUND HETERODIMERS OF CYTOSINE 
AND MODIFIED CYTOSINES: IMPLICATIONS FOR THE STABILITY OF               
DNA i-MOTIF CONFORMATIONS 
Portions of this chapter were reprinted with permission from Yang, B.; Rodgers, M. T. 
Base-Pairing Energies of Proton-Bound Heterodimers of Cytosine and Modified 
Cytosines: Implications for the Stability of DNA i-Motif Conformations. J. Am. Chem. 
Soc. 2014, 136, 282. Copyright 2014 American Chemical Society. 
 
7.1 Introduction 
Previously, the structures of the proton-bound homo- and heterodimers of 
cytosine and several 5-substituted cytosines, (5xC)H+(5yC), where x, y = H, F, Br, and 
Me, were studied using infrared multiple photon dissociation (IRMPD) action 
spectroscopy techniques.1  Comparison of the measured IRMPD action spectra with 
the linear IR spectra computed for the stable low-energy tautomeric conformations of 
the proton-bound dimers confirmed that the structure of the proton-bound dimer of 
cytosine is the same as that determined in condensed-phase NMR studies.2 However, 
these modifications likely influence the strength of these base-pairing interactions.  
Therefore, a comprehensive study is required to determine the influence of methylation 
or halogenation of cytosine on the BPEs.   
The strength of hydrogen-bonding interactions in similar proton-bound 
heterodimers3- 5 have been accurately determined using threshold collision-induced 
dissociation (TCID) techniques, indicating that this technique is capable of providing 
accurate quantitative determinations of the strength of binding in multiply hydrogen-
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bonded proton-bound dimers.  Thus, we employed the TCID technique to quantitatively 
determine the BPEs of the ground-state proton-bound homodimers of cytosine and 
several modified cytosines, (5xC)H+(5xC), where x = H, Me, F, Br, and I, and excellent 
agreement was achieved between the B3LYP/def2-TZVPPD calculated and TCID 
measured BPEs.6  However, the simultaneous occurrence of such modifications of 
cytosine residues from both strands is much less probable than modification of a single 
strand.  Therefore, we expand our previous TCID studies to the analogous proton-
bound heterodimers.  The proton affinity (PA) of 18C6 was accurately determined from 
the competitive dissociation of the proton-bound heterodimers of 18C6 and 
peptidomimetic bases and amino acids in the TCID studies.7  The determination of the 
PAs and preferred protonation sites of the nucleobases contributes to the understanding 
of the chemical processes that DNA molecules undergo in the condensed phase.  
However, the PAs of the 5-substituted cytosines have not been reported.  Thus, the 
BPEs of the proton-bound heterodimers of cytosine and 5-substituted cytosines 
generated by ESI are determined using TCID techniques.  The relative N3 PAs of the 
5-substituted cytosines are also extracted from the experimental data using cytosine as 
a reference base.  The measured values are compared with theoretical results 
calculated at the B3LYP and MP2(full) levels of theory to evaluate the ability of each 
level of theory for predicting accurate energetics.8 
 
7.2 Threshold Collision-Induced Dissociation Experiments 
The TCID behavior of four proton-bound heterodimers, (C)H+(5xC), where x = 
Me, F, Br, and I, was studied using a guided ion beam tandem mass spectrometer that 
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has been described in detail previously.9 The (C)H+(5xC) complexes were generated by 
ESI from solutions containing 0.5–1 mM cytosine and modified cytosine and 1% (v/v) 
acetic acid in an approximately 50%:50% MeOH:H2O mixture. The (C)H+(5xC) ions are 
desolvated, focused, and thermalized in an rf ion funnel and hexapole ion guide collision 
cell interface. The thermalized ions emanating from the hexapole ion guide are 
extracted, accelerated, and focused into a magnetic sector momentum analyzer for 
mass analysis.  Mass-selected (C)H+(5xC) complexes are decelerated to a desired 
kinetic energy and focused into a radio frequency (rf) octopole ion beam guide.10-12 The 
octopole passes through a static gas cell where the reactant (C)H+(5xC) heterodimers 
undergo CID with Xe13-15 under nominally single collision conditions, ~0.05–0.10 mTorr. 
The product and undissociated (C)H+(5xC) ions drift to the end of the octopole where 
they are focused into a quadrupole mass filter for mass analysis. The ions are detected 
using a secondary electron scintillation (Daly) detector and standard pulse counting 
techniques. Details of the experimental procedures and thermochemical analysis of 
experimental data are given in Chapter 2. 
 
7.3 Theoretical Calculations 
In previous work, the stable low-energy tautomeric conformations of 5xC, 
H+(5xC), and (5xC)H+(5xC) dimers, where x = H, F, Br, and Me were examined at the 
B3LYP/6-31G* level as described in detail in Chapter 5. Calculations for 5xC and 
H+(5xC), x = Me, F, Br, and I, were performed previously using Gaussian 0916 at the 
B3LYP/6-31G*, B3LYP/def2-TZVPPD, 17  and MP2(full)/6-31G* levels of theory as 
described in Chapter 6. Calculations for 5IC and H+(5IC) were performed at the same 
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levels of theory except that the I atom was described using the valence basis sets and 
effective core potentials (ECPs) developed by Hay and Wadt18 when the 6-31G* basis 
set was used, whereas those developed by Peterson et al.19 were used with the def2-
TZVPPD basis set.  In the present study, geometry optimizations and frequency 
analyses of the low-energy tautomeric conformations of the (C)H+(5xC) dimers were 
performed at the same levels of theory as done for the homodimers. The polarizabilities 
of the neutral nucleobases required for threshold analyses are calculated at the 
PBE1PBE/6-311+G(2d,2p) level of theory, which has been shown to provide 
polarizabilities that exhibit better agreement with experimental values than the B3LYP 
functional employed here for structures and energetics.20  Relaxed potential energy 
surface (PES) scans were performed at the B3LYP/6-31G* level of theory to provide 
candidate structures for the transition states (TSs) for adiabatic dissociation of the 
ground-state conformations of proton-bound homodimers to produce ground-state 
conformations of the neutral and protonated nucleobase products.  The actual TSs 
were obtained using the quasi synchronous transit method, QST3,21 at the B3LYP/6-
31G*, B3LYP/def2-TZVPPD, and MP2(full)/6-31G* levels of theory, using the input from 
the relevant minima (reactant and products) and an estimate of the TS obtained from 
the relaxed PES scans.  Single point energy calculations for the 5xC, H+(5xC), TSs, 
and (C)H+(5xC) complexes were performed at the B3LYP/6-311+G(2d,2p), B3LYP/def2-
TZVPPD, MP2(full)/6-311+G(2d,2p), and MP2(full)/def2-TZVPPD levels of theory using 
geometries optimized at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, MP2(full)/6-31G*, 
and B3LYP/def2-TZVPPD levels, respectively.  Zero-point energy (ZPE) corrections 
were determined using vibrational frequencies calculated at the B3LYP and MP2(full) 
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levels of theory and scaled by a factor of 0.9804 and 0.9646, respectively.22  To obtain 
accurate energetics, basis set super-position errors corrections (BSSEs) are also 
included in the calculated BPEs using the counterpoise approach.23,24 Details of the 
theoretical calculations are given in Chapter 2. 
 
7.4 Results 
7.4.1 Cross Sections for Collision-Induced Dissociation 
Experimental cross sections were obtained for the interaction of Xe with four 
(C)H+(5xC) proton-bound heterodimers, where x = Me, F, Br, and I. The energy 
dependent CID cross sections of all four (C)H+(5xC) dimers exhibit similar behavior and 
are included in the Figure 7.1.  Over the collision energy range examined, typically ~0–
6 eV, loss of intact neutral C or 5xC via CID reactions 7.1 and 7.2 is observed for all 
four (C)H+(5xC) complexes.  The loss of intact C and production of H+(5MeC) 
corresponds to the lowest-energy CID pathway for the (C)H+(5MeC) complex.  In 
contrast, the loss of intact 5xC and production of H+(C) corresponds to the lowest-
energy CID pathway for the (C)H+(5FC), (C)H+(5BrC), and (C)H+(5IC) complexes.  This 
behavior is consistent with fragmentation via IRMPD.1 
(C)H+(5xC) + Xe → H+(5xC) + C + Xe                            (7.1) 
(C)H+(5xC) + Xe → H+(C) + 5xC + Xe                            (7.2) 
 
7.4.2 Theoretical Results   
Theoretical structures for the (C)H+(5xC) complexes were calculated as 
described in the Theoretical Calculations Section. All of the stable tautomeric 
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conformations of the neutral 5xC and protonated H+(5xC) nucleobases as well as the 
(5xC)H+(5xC) proton-bound dimers, where x = H, F, Br, and Me, have previously been 
examined at the B3LYP/6-31G* level of theory in the IRMPD studies1 discussed in 
Chapter 5. These calculations are expanded to include structures determined for 5IC 
and H+(5IC) as well as optimizations at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, and 
MP2(full)/6-31G* levels of theory using the relevant valence basis sets and ECPs for I 
described in section 6.3. The geometry-optimized structures of all tautomeric 
conformations computed and their relative Gibbs free energies at 298 K of neutral 5IC 
and protonated H+(5IC) are included in Figure S2 of the Supporting Information of 
reference 6, whereas analogous results for the other species can be found in Figures 
S1 through S2 of the Supporting Information of reference 1.   
The B3LYP/6-31G* ground-state structures of the four proton-bound 
heterodimers are shown in Figure 7.2.  As can be seen in the figure, the ground-state 
structure of all four proton-bound heterodimers involves three hydrogen bonds and 
adopts an anti-parallel configuration of the protonated and neutral bases, which is the 
most commonly observed conformation in multi-stranded DNAs. This conformer is 
designated as II+•••i_3a to indicate that the excited II+ tautomeric conformation of the 
protonated nucleobase, H+(5xC), binds to the ground-state i tautomeric conformation of 
the neutral nucleobase, 5xC. 
It is unclear whether tautomerization to the ground-state conformations of the 
protonated nucleobases, I+, will occur during the dissociation process.  Therefore, PES 
and TS calculations were performed to determine the height of the tautomerization 
barriers.  The reaction coordinate diagrams for tautomerization of the (C)H+(5xC) 
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complexes are shown in Figure 7.3.  The relative energies along the PESs for the 
adiabatic and diabatic dissociation pathways determined at all four levels of theory for 
all four proton-bound heterodimers are summarized in Table 7.1. In the TSs of all four 
proton-bound heterodimers, the excess proton is chelating with the O2 and N3 atoms of 
the protonated base. As can be seen in the PESs of Figure 7.3, the barriers to 
tautomerization (174.3‒176.6 kJ/mol) exceed the diabatic dissociation energies (159.5‒
162.9 kJ/mol) by 7.2‒15.3 kJ/mol, indicating that at threshold, tautomerization will not 
occur. The tautomerization barriers are also determined at the B3LYP/6-311+G(2d,2p), 
MP2(full)/6-311+G(2d,2p), and MP2(full)/def2-TZVPPD levels to ensure that the barriers 
computed are not highly sensitive to the basis sets and level of theory employed.  As 
can be seen in Table 7.1, the computed tautomerization barriers exceed the diabatic 
dissociation energies for all four proton-bound heterodimers regardless of the level of 
theory employed, confirming that tautomerization will not occur upon dissociation at 
threshold energies.   
In the most stable conformation of the (5MeC)H+(C) complex, II+•••i_3a, the 
bridging proton is bound to 5MeC (see Figure 7.2), suggesting that the PA of 5MeC is 
greater than that of C, as expected.  Based on the ground-state structures of the four 
proton-bound (C)H+(5xC) heterodimers, the relative order of PAs of these four 
nucleobases follow the order: 5MeC > C > 5BrC, 5FC.  Thus, methyl-substitution of 
cytosine at the C5 position increases the N3 PA, whereas 5-halo-substitution decreases 
the N3 PA, consistent with the inductive effects of these substituents.  Diabatic BPEs 
calculated at the B3LYP and MP2(full) levels of theory using the 6-311+G(2d,2p) and 
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def2-TZVPPD basis sets are summarized in Table 7.2.  ZPE and BSSE corrections 
are also included in the calculated BPEs. 
 
7.4.3 Threshold Analysis 
The model of equation 2.3 (Chapter 2) was used to analyze the thresholds 
for reactions 7.1 and 7.2 for four (C)H+(5xC) heterodimers. As indicated by the 
theoretical results, tautomerization will not occur upon CID at threshold energies such 
that the tautomeric forms of the neutral and protonated nucleobase products are the 
same as in the proton-bound homodimers, II+ and i.  In this case, a loose phase space 
limit (PSL) TS model25 is applied.  The results of these analyses are summarized in 
Table 7.3 and shown in Figure 7.4, and the thresholds determined are also 
summarized in Table 7.2. In the cases of the (C)H+(5xC) complexes, where x = F, Br, I, 
the experimental cross sections for reactions 1 and 2 are accurately reproduced using 
the loose PSL TS model25 for the (C)H+(5xC)_II+•••i_3a → H+(C)_II+ + 5xC_i and 
(C)H+(5xC)_II+•••i_3a → H+(5xC)_II+ + C_i CID pathways, respectively, confirming our 
assumption that tautomerization does not occur upon dissociation at or near threshold 
energies, and indicating that the ground-state (C)H+(5xC)_II+•••i_3a structures are 
accessed in the experiments.  The experimental cross sections for reactions 7.1 and 
7.2 of the (5MeC)H+(C) complex are best reproduced using the loose PSL TS model25 
for the (5MeC)H+(C)_II+•••i_3a → H+(5MeC)_II+ + C_i and (5MeC)H+(C)_II+•••i_3a → 
H+(C)_II+ + 5MeC_i CID pathways, respectively, indicating that the ground-state 
structure (5MeC)H+(C)_II+•••i_3a is accessed in the experiments.  Table 7.3 includes 
threshold values, E01 and E02, for dissociation reactions 7.1 and 7.2, respectively.  The 
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threshold for the first dissociation channel, E01, represents the BPE of the complex, 
whereas the difference between E01 and E02 represents the difference in the N3 PA of C 
and 5xC.  The N3 PA of 5MeC is 16.1 ± 2.0 kJ/mol greater than the N3 PA of C, 
whereas the relative N3 PAs of 5FC, 5BrC, and 5IC are 22.9 ± 1.9, 18.3 ± 2.2, and 10.4 
± 1.4 kJ/mol lower than that of C, respectively. 
The entropy of activation, ∆S†, is a measure of the looseness of the TS and also 
a reflection of the complexity of the system.  ∆S† is largely determined from the 
molecular constants used to model the energized molecule and the TS, but also 
depends on the threshold energy, E0.  The ∆S†(PSL) values at 1000 K are listed in 
Table 7.3, and vary between 95 and 110 J K-1 mol-1 across these systems.  These 
values are consistent with the noncovalent nature of the binding and the loose PSL TSs 
used to describe these systems.  
 
7.5 Discussion   
7.5.1 Comparison of Experiment and Theory 
The BPEs of the four proton-bound (C)H+(5xC) heterodimers at 0 K measured 
here by TCID techniques are summarized in Table 7.2.  Also listed in Table 7.2 are the 
BPEs of the proton-bound heterodimers calculated at the B3LYP and MP2(full) levels of 
theory using the 6-311+G(2d,2p) and def2-TZVPPD basis sets, and including ZPE and 
BSSE corrections.  The measured and calculated BPE of the (C)H+(C) complex is also 
included for comparison.6  The agreement between the measured and calculated 
BPEs at all four levels of theory is illustrated in Figure 7.5. Overall, the B3LYP results 
exhibit better agreement with the measured BPEs, whereas the MP2(full) values are 
 198 
systematically low.  The mean absolute deviations (MADs) between theory and 
experiment for the B3LYP/def2-TZVPPD and B3LYP/6-311+G(2d,2p) levels of theory 
are 3.9 ± 2.6 and 4.6 ± 4.0 kJ/mol, respectively.  These MADs are very similar to the 
average experimental uncertainty (AEU) in these values, 4.5 ± 0.6 kJ/mol, suggesting 
that the B3LYP level of theory accurately describes the hydrogen-bonding interactions 
in these proton-bound (C)H+(5xC) heterodimers, with the def2-TZVPPD results being 
slightly more accurate.  The MP2(full) level of theory produces parallel results, but the 
absolute BPEs computed are systematically low. The MADs between the 
MP2(full)/def2-TZVPPD and MP2(full)/6-311+G(2d,2p) results and the measured values 
are 36.8 ± 6.7 and 35.3 ± 6.6 kJ/mol, respectively, significantly greater than the MADs 
for the B3LYP values and the AEU.  The agreement between the MP2(full) calculated 
and TCID measured values improves to 23.1 ± 5.9 and 16.4 ± 6.3 kJ/mol when BSSE 
corrections are not included.  Parallel behaviour was observed in previous GIBMS 
studies of the analogous proton-bound homodimers of C and 5xC.  This behavior is 
also consistent with previous theoretical studies of hydrogen-bonded complexes,26- 33 
which have shown that at least triple-zeta-quality basis sets are required to accurately 
describe systems where there can be significant intramolecular noncovalent 
interactions, and the BSSE corrections can get rather large for MP2 calculations when 
flexible but still unsaturated basis sets are used.  
The agreement between the measured and B3LYP/def2-TZVPPD calculated 
relative N3 PAs is shown in Figure 7.6, part a.  As can be seen in the figure, the 
B3LYP/def2-TZVPPD level of theory provides accurate estimates for the relative N3 
PAs of C and 5xC. The MAD between theory and experiment is 2.2 ± 2.3 kJ/mol, just 
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slightly larger than the AEU in these values, 1.9 ± 0.3 kJ/mol.  Based on the 
comparisons between theory and experiment, it is clear that B3LYP theory accurately 
describes the energetics of the base-pairing interactions in these proton-bound 
heterodimers, whereas the MP2(full) values are systematically low for all four 
heterodimers. 
 
7.5.2 Influence of Modifications on the Strength of Base-Pairing Interactions 
As can be seen in Figure 7.6a, 5-methylation leads to an increase in the N3 PA 
of C, whereas 5-halogenation leads to a decrease in the N3 PA.  This is the expected 
behavior, and is easily understood based on the electronic properties of these 
modifications.  The methyl substituent is an electron donating moiety, and therefore 
increases the electron density within the aromatic ring, leading to stabilization of the 
positive charge associated with the excess proton.  The halogens are electron 
withdrawing, and therefore decrease the electron density within the aromatic rings, 
resulting in destabilization of the positive charge associated with the excess proton.  
The correlation between the polarizabilities of the nucleobases and the absolute 
difference in N3 PAs of 5xC and C is shown in Figure 7.6b.  A linear regression fit 
through the data is also shown.  It is clear that the absolute difference in the N3 PAs of 
C and 5xC decreases as the polarizability of 5xC increases.    
The measured and calculated BPEs of the four proton-bound (C)H+(5xC) 
heterodimers at 0 K are listed in Table 7.2.  In all cases, 5-substitution results in a 
decrease in the BPE as compared to that of the (C)H+(C) homodimer,6 indicating that all 
modifications at the C5 position of a single nucleobase of the proton-bound dimer 
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weaken the base-pairing interactions, and would result in destabilization of DNA i-motif 
conformations.  The correlation between the BPEs and relative N3 PAs of C and 5xC is 
illustrated in Figure 7.7a.  As can be seen in the figure, the BPEs of the proton-bound 
heterodimers decrease as the absolute difference in the relative N3 PAs of C and 5xC 
increase as a result of the unequal sharing of the excess proton in these proton-bound 
heterodimers.  Thus, the influence of modifications on the BPEs should directly 
correlate with its influence on the N3 PA.  The correlation between the polarizabilities 
of 5xC and the TCID measured BPEs of the proton-bound (C)H+(5xC) heterodimers are 
shown in Figure 7.7b.  A linear regression fit through all data is also shown.  Clearly, 
the BPEs of the proton-bound heterodimers increase as the polarizabilities of 5xC 
increase.  
 
7.5.3 Implications for the Stability of DNA i-Motif Conformations 
The base-pairing interactions in the proton-bound dimer of cytosine are the major 
forces responsible for stabilization of DNA i-motif conformations.  Previous TCID 
studies of proton-bound homodimers of cytosine and modified cytosines found that 
methylation of cytosine on both strands increases the BPEs of the proton-bound dimer, 
and would therefore tend to stabilize DNA i-motif conformations.6  This also indicates 
that hypermethylation of CCG repeats, which is the cause of fragile-X syndrome, occurs 
to further stabilize i-motif conformations.  In contrast, present results indicate that 
methylation of a single cytosine destabilizes the proton-bound dimer, and thus would 
tend to destabilize DNA i-motif conformations.  In both proton-bound homo- and 
heterodimers, halogenation of cytosine weakens the base-pairing interactions in the 
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proton-bound dimer.  However, the BPEs of these four (C)H+(5xC) heterodimers are 
still much greater than that of canonical Watson-Crick G•C and neutral C•C base pairs, 
suggesting that DNA i-motif conformations are still favored over conventional base 
pairing.  Thus, although modifications at the C5 position tend to weaken the base-
pairing interactions in the proton-bound dimers of cytosine, the effects are sufficiently 
small that i-motif conformations should be stable to modification.  Only in the case of 
hypermethylation are the base-pairing interactions enhanced, and this leads to the 
diseased state associated with the fragile-X syndrome.  
 
7.6 Conclusions 
The stability of DNA i-motif conformations is of interest, and methylation and 
halogenation are important modifiers of that stability.  We have examined the effects of 
these modifications on the BPEs of four proton-bound heterodimers, (C)H+(5xC), where 
x = Me, F, Br, and I, in a guided ion beam tandem mass spectrometer using threshold 
collision-induced dissociation techniques.  The primary CID pathway observed for all 
four heterodimers corresponds to the cleavage of the three hydrogen bonds responsible 
for the binding of these species, resulting in loss of the intact neutral nucleobase with 
the lower N3 PA.  A second CID pathway occurring at higher threshold energy 
corresponds to loss of the intact neutral nucleobase with the higher N3 PA.  
Thresholds for these competitive CID reactions are determined after careful 
consideration of the effects of the kinetic and internal energy distributions of the 
(C)H+(5xC) and Xe reactants, multiple (C)H+(5xC)‒Xe collisions, and the lifetime of the 
activated (C)H+(5xC) heterodimers using a loose PSL TS model.  The ground-state 
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structures and theoretical estimates for the BPEs of the (C)H+(5xC) heterodimers and 
N3 PAs of the C and 5xC are determined from theoretical calculations performed at the 
B3LYP and MP2(full) levels of theory using the 6-311+G(2d,2p) and def2-TZVPPD 
basis sets.  Very good agreement between experimental and theoretical values is 
found for the B3LYP levels of theory, especially for B3LYP/def2-TZVPPD level of 
theory, whereas MP2(full) theory produces values that are systematically low, 
suggesting that B3LYP functional can provide reliable energetic predictions for larger 
and related systems. 
Modifications at the C5 position of cytosine clearly affect the N3 PA.  The N3 
PAs follow the order: 5MeC > C > 5IC > 5BrC > 5FC, indicating that the electron-
donating methyl substituent stabilizes the positive charge resulting from the excess 
proton and increases the N3 PA, whereas electron-withdrawing halogens destabilize the 
positive charge associated with the excess proton, and lower the N3 PA. The influence 
of modifications on the strength of the base-pairing interactions correlates well with the 
proton sharing properties of these proton-bound heterodimers.  The BPEs of all four 
(C)H+(5xC) heterodimers are lower than the BPE of the (C)H+(C) homodimer, indicating 
that any modifications at the 5-position generally weaken the base-pairing interactions 
in the proton-bound heterodimers and would therefore destabilize DNA i-motif 
conformations.  However, the effects are sufficiently small that i-motif conformations 
should be stable to modification.  The linear correlation between the BPEs and the 
relative N3 PAs of C and 5xC suggests that the effects of other modifications on the 
BPE can be estimated based on their effect on the N3 PA.   
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Table 7.1. Relative Energies at 0K in kJ/mol along the PESs Computed for the 
(C)H+(5xC) Complexes. 
System 
B3LYP  MP2(full) 
Def2-TZVPPD 6-311+G(2d,2p)  Def2-TZVPPD 6-311+G(2d,2p) 
(5MeC)H+(C)a 0.0 0.0  0.0 0.0 
TSa 174.3 180.9  210.6 200.2 
I+ + ib 162.9 161.1  129.0 120.1 
II+ + ib 167.1 166.8  132.3 135.2 
(C)H+(5FC)a 0.0 0.0  0.0 0.0 
TSa 174.8 183.1  203.8 206.1 
I+ + ib 159.6 156.2  121.9 115.7 
II+ + ib 159.1 158.2  126.4 126.9 
(C)H+(5BrC)a 0.0 0.0  0.0 0.0 
TSa 174.8 175.5  202.7 193.1 
I+ + ib 159.5 154.7  114.8 113.6 
II+ + ib 159.0 157.3  123.9 124.7 
(C)H+(5IC)a 0.0 0.0  0.0 0.0 
TSa 176.6 177.0  205.8 194.3 
I+ + ib 161.6 156.6  116.4 114.0 
II+ + ib 161.1 159.2  123.9 125.1 
a Including ZPE corrections. bIncluding ZPE and BSSE corrections. 
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Table 7.2. Base-Pairing Energies of (C)H+(5xC) Complexes at 0 K in kJ/mol.a 
x TCID 
B3LYPb  MP2(full)c 
D0 D0, BSSEd  D0 D0, BSSEd 
H 169.9 (4.6) 171.7 
170.1 
168.9 
169.2 
 155.2 
149.3 
136.7 
136.0 
Me 163.6 (5.1) 169.7 
168.0 
166.8 
167.1 
 153.9 
145.5 
135.2 
132.3 
F 157.2 (5.0) 161.2 
160.6 
158.2 
159.6 
 145.5 
139.2 
126.9 
126.4 
Br 166.1 (3.8) 160.3 
160.5 
157.3 
159.5 
 144.5 
138.4 
124.7 
123.9 
I 168.1 (3.8) 162.2 
162.6 
159.2 
161.6 
 144.5 
138.4 
125.1 
123.9 
AEU/MADe  4.5 (0.6) 4.7 (1.8) 
3.8 (2.2) 
4.6 (4.0) 
3.9 (2.6) 
 16.4 (6.3) 
23.1 (5.9) 
35.3 (6.6) 
36.8 (6.7) 
a Present results, uncertainties are listed in parentheses. 
b Calculated at the B3LYP level of theory including ZPE corrections. Values obtained 
using the 6-311+G(2d,2p) basis set are shown in standard font, whereas those 
computed using the def2-TZVPPD basis set are in bold italics. 
c Calculated at the MP2(full) level of theory using the B3LYP/def2-TZVPPD optimized 
geometries and including ZPE corrections. Values obtained using the 6-311+G(2d,2p) 
basis set are shown in standard font, whereas those computed using the def2-TZVPPD 
basis set are in bold italics. 
d Also includes BSSE corrections. 
e Average experimental uncertainty (AEU). Mean absolute deviation (MAD) between the 
measured and computed values. 
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Table 7.3. Fitting Parameters of Equation 2.3, Threshold Dissociation Energies at 0 K, 
and Entropies of Activation at 1000 K of Proton-Bound (C)H+(5xC) Heterodimersa 
CID Product σb n 
E0(PSL)b 
(eV) 
∆E0 
(eV) 
∆S† (PSL)b 
(J mol-1 K-1) 
H+(5MeC) + C 117.6 (10) 1.1 (0.06) 1.70 (0.05) 
0.17 (0.02) 
95 (4) 
H+(C) + 5MeC 29.3 (1.8) 1.1 (0.06) 1.87 (0.05) 94 (4) 
H+(C) + 5FC 109.9 (4.2) 0.9 (0.03) 1.63 (0.06) 
0.24 (0.02) 
98 (4) 
H+(5FC) + C 22.5 (4.4) 0.9 (0.03) 1.87 (0.05) 93 (4) 
H+(C) + 5BrC 49.4 (4.4) 1.0 (0.04) 1.72 (0.04) 
0.19 (0.02) 
110 (4) 
H+(5BrC) + C 12.5 (4.1) 1.0 (0.04) 1.91 (0.04) 90 (4) 
H+(C) + 5IC 120.8 (3.8) 1.2 (0.02) 1.74 (0.04) 
0.11 (0.02) 
100 (4) 
H+(5IC) + C 48.7 (2.0) 1.2 (0.02) 1.85 (0.04) 89 (4) 
a Present results, uncertainties are listed in parentheses. b Average values for loose PSL 
TS.  
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Figure Captions 
 
Figure 7.1. Cross sections for CID of (C)H+(5xC), where x = Me, F, Br, and I, with Xe as 
a function of collision energy in the center-of-mass frame (lower x-axis) and laboratory 
frame (upper x-axis). Data are shown for the Xe pressure of ~0.1 mTorr. 
 
Figure 7.2. B3LYP/def2-TZVPPD optimized geometries of the ground-state II+•••I_3a 
conformations of (C)H+(5xC) heterodimers, where x = Me, F, Br, and I. 
 
Figure 7.3. B3LYP/def2-TZVPPD potential energy surfaces for adiabatic and diabatic 
dissociation of the ground-state II+•••I_3a conformation of the (5MeC)H+(C) and 
(C)H+(5xC) complexes, where x = F, Br and I, to produce ground-state neutral C_i/5xC_i 
and protonated H+(5MeC)_I+/H+(C)_I+ products, and ground-state neutral C_i/5xC_i and 
excited protonated H+(5MeC)_II+/H+(C)_II+ products, respectively. 
 
Figure 7.4. Zero-pressure-extrapolated cross sections for CID of (C)H+(5xC), where x = 
Me, F, Br, and I, with Xe in the threshold region as a function of kinetic energy in the 
center-of-mass frame (lower x-axis) and the laboratory frame (upper x-axis).  The solid 
lines show the best fits to the data using the model of equation 2.3 convoluted over the 
neutral and ion kinetic and internal energy distributions. The dotted lines show the 
model cross sections in the absence of experimental kinetic energy broadening for 
(C)H+(5xC) complexes with an internal temperature of 0 K.   
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Figure 7.5. TCID measured (C)H+(5xC) BPEs at 0 K (in kJ/mol), where x = H, F, Br, I, 
and Me, plotted versus B3LYP/def2-TZVPPD B3LYP/6-311+G(2d,2p), MP2(full)/6-
311+G(2d,2p), and MP2(full)/def2-TZVPPD theoretical values in parts a through d, 
respectively. The solid circles (●) represent theoretical values that include BSSE 
corrections, whereas the open circles (○) represent values without BSSE corrections. 
The black solid diagonal line indicates the values for which calculated and measured 
dissociation energies are equal. The black dotted and dash lines are offset from the 
central diagonal line by the MADs calculated at the indicated level of theory for 
theoretical values including and excluding BSSE corrections, respectively. 
 
Figure 7.6. B3LYP/def2-TZVPPD calculated relative N3 PAs plotted versus TCID 
measured N3 PAs of 5xC at 0 K (in kJ/mol), where x = H, Me, F, Br, and I (part a). TCID 
measured N3 PAs of 5xC (in kJ/mol) plotted versus the calculated polarizability volumes 
of 5xC, where x = Me, F, Br, and I (part b).  
 
Figure 7.7. TCID measured (C)H+(5xC) BPEs at 0 K (in kJ/mol) versus measured 
relative N3 PAs of 5xC and C, where x = H, Me, F, Br, and I (part a). TCID measured 
(C)H+(5xC) BPEs at 0 K (in kJ/mol) versus calculated polarizability volumes of 5xC, 
where x = Me, F, Br, and I. The black line is a linear regression fit to the data (part b).  
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CHAPTER 8 
BASE-PAIRING ENERGIES OF PROTON-BOUND DIMERS AND PROTON 
AFFINITIES OF 1-METHYLATED CYTOSINES: MODEL SYSTEMS FOR THE 
EFFECTS OF THE SUGAR MOIETY ON THE STABILITY OF DNA i-MOTIF 
CONFORMATIONS 
8.1 Introduction 
DNA methylation is one of the best-studied epigenetic modifications of the 
genome that can regulate chromatin status and directly affect the ability of transcription 
factors to access DNA. 5-Methylation of cytosine residues can alter the appearance of 
the major groove of DNA, where DNA binding proteins generally bind. These epigenetic 
“markers” can be copied after DNA synthesis, leading to heritable changes in chromatin 
structure. In the context of gene promoters, hypomethylation of cytosine residues is 
generally associated with active, constitutively expressed genes, whereas 
hypermethylation of cytosine residues is associated with silenced genes.1  Indeed, 
cytosine methylation is a major contributor to the generation of disease-causing 
germline mutations2 and somatic mutations that cause cancer.3  
Previously, the gas-phase structures of the proton-bound homo- and 
heterodimers of cytosine (C) and 5-methylcytosine (5MeC) were studied using infrared 
multiple photon dissociation (IRMPD) action spectroscopy techniques.4 Comparison of 
the measured IRMPD action spectra with the linear IR spectra computed for the stable 
low-energy tautomeric conformations of the proton-bound dimers confirmed that the 
structure of the proton-bound dimer of cytosine is the same as that determined in 
condensed-phase NMR studies,5 and methylation at the 5-position of cytosine does not 
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alter the preferred base-pairing interactions. However, these modifications likely 
influence the strength of these base-pairing interactions. Therefore, a comprehensive 
study is required to determine the influence of methylation of cytosine on the BPEs.   
Quantitative determination of the strength of the BPEs of these proton-bound 
dimers was performed using threshold collision-induced dissociation techniques (TCID) 
as discussed in Chapters 6 and 7.6,7 It was determined that permethylation of cytosine 
at the 5-position increases the BPE and should therefore stabilize DNA i-motif 
conformations, whereas methylation of a single cytosine residue decreases the BPE 
and would therefore tend to destabilize the i-motif.  In related work, the gas-phase 
structure of the proton-bound homodimer of 1MeC was also studied using IRMPD 
action spectroscopy techniques.8  As found for 5-methylation, 1-methylation does not 
alter the preferred base-pairing interactions.  However, to date the effects of 1-
methylation on the BPEs has not been examined.  To achieve a comprehensive 
understanding of how methylation influence the stabilities of proton-bound dimers of 
cytosine and determine PAs of the methylated cytosines, we expand the complexes of 
interest to include 1MeC and 1,5-dimethylcytosine (15dMeC) in the present work.  The 
bulky methyl group at the N1 position serves as a mimic for the sugar moiety such that 
implications for the effects of the 2'-deoxyribose moiety on the BPE can be elucidated 
as well.  The BPEs of the proton-bound homo- and heterodimers of cytosine and 
methylated cytosines generated by ESI are determined using TCID techniques in a 
guided ion beam tandem mass spectrometer.  Relative N3 proton affinities (PAs) of the 
methylated cytosines are also extracted from the experimental data from competitive 
analyses of the two primary dissociation pathways that occur in parallel for the proton-
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bound heterodimers of cytosine and methylated cytosines. Absolute N3 PAs of the 
methylated cytosines are then obtained via a maximum likelihood statistical analysis 
using the relative PAs determined here and the PAs of C9,10 and 1MeC11 reported in 
the literature.  The measured values are compared with theoretical results calculated at 
the B3LYP and MP2(full) levels of theory to evaluate the ability of each level of theory 
for predicting accurate energetics.12 
 
8.2 Threshold Collision-Induced Dissociation Experiments 
The TCID behavior of seven proton-bound (xC)H+(yC) dimers, (1MeC)H+(1MeC), 
(15dMeC)H+(15dMeC), (1MeC)H+(C), (15dMeC)H+(C), (1MeC)H+(5MeC), 
(15dMeC)H+(5MeC), and (15dMeC)H+(1MeC), was studied using a guided ion beam 
tandem mass spectrometer that has been described in detail previously. 13  The 
(xC)H+(yC) complexes were generated by ESI from solutions containing 0.5–1 mM 
cytosine and modified cytosine and 1% (v/v) acetic acid in an approximately 50%:50% 
MeOH:H2O mixture. The (xC)H+(yC) ions are desolvated, focused, and thermalized in 
an rf ion funnel and hexapole ion guide collision cell interface. The thermalized ions 
emanating from the hexapole ion guide are extracted, accelerated, and focused into a 
magnetic sector momentum analyzer for mass analysis.  Mass-selected (xC)H+(yC) 
complexes are decelerated to a desired kinetic energy and focused into a radio 
frequency (rf) octopole ion beam guide.14-16 The octopole passes through a static gas 
cell where the reactant (xC)H+(yC) dimers undergo CID with Xe17-19 under nominally 
single collision conditions, ~0.05–0.10 mTorr. The product and undissociated 
(xC)H+(yC) ions drift to the end of the octopole where they are focused into a 
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quadrupole mass filter for mass analysis. The ions are detected using a secondary 
electron scintillation (Daly) detector and standard pulse counting techniques. Details of 
the experimental procedures and thermochemical analysis of experimental data are 
given in Chapter 2. 
 
8.3 Theoretical Calculations 
In previous work, the stable low-energy tautomeric conformations of xC, H+(xC), 
and (xC)H+(yC) dimers, where (xC)H+(yC) = (C)H+(C), (5MeC)H+(5MeC), and 
(5MeC)H+(C), were examined at the B3LYP/6-31G* level as described in detail in 
Chapter 5. Geometry optimizations and frequency analyses of the low-energy 
tautomeric conformations of these species were performed using Gaussian 0920 at the 
B3LYP/6-31G*, B3LYP/def2-TZVPPD, 21  and MP2(full)/6-31G* levels of theory as 
described in Chapters 6 and 7. In the present study, geometry optimizations and 
frequency analyses of the low-energy tautomeric conformations of the xC, H+(xC), 
where xC= C, 5MeC, 1MeC, 1Me-d3-C, and 15dMeC, and seven proton-bound dimers 
including (1MeC)H+(1MeC), (15dMeC)H+(15dMeC), (1MeC)H+(C), (15dMeC)H+(C), 
(1MeC)H+(5MeC), (15dMeC)H+(5MeC), and (15dMeC)H+(1MeC), were performed at the 
same levels of theory that of for the 5-methylated proton-bound dimers. The 
polarizabilities of the neutral nucleobases required for threshold analyses are calculated 
at the PBE1PBE/6-311+G(2d,2p) level of theory, which has been shown to provide 
polarizabilities that exhibit better agreement with experimental values than the B3LYP 
functional employed here for structures and energetics.22  Relaxed potential energy 
surface (PES) scans were performed at the B3LYP/6-31G* level of theory to provide 
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candidate structures for the transition states (TSs) for adiabatic dissociation of the 
ground-state conformations of proton-bound homodimers to produce ground-state 
conformations of the neutral and protonated nucleobase products.  The actual TSs 
were obtained using the quasi synchronous transit method, QST3,23 at the B3LYP/6-
31G*, B3LYP/def2-TZVPPD, and MP2(full)/6-31G* levels of theory, using the input from 
the relevant minima (reactant and products) and an estimate of the TS obtained from 
the relaxed PES scans.  Single point energy calculations for the xC, H+(xC), TSs, and 
(xC)H+(yC) complexes were performed at the B3LYP/6-311+G(2d,2p), B3LYP/def2-
TZVPPD, MP2(full)/6-311+G(2d,2p), and MP2(full)/def2-TZVPPD levels of theory using 
geometries optimized at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, MP2(full)/6-31G*, 
and B3LYP/def2-TZVPPD levels, respectively.  Zero-point energy (ZPE) corrections 
were determined using vibrational frequencies calculated at the B3LYP and MP2(full) 
levels of theory and scaled by a factor of 0.9804 and 0.9646, respectively.24  To obtain 
accurate energetics, basis set super-position errors corrections (BSSEs) are also 
included in the calculated BPEs using the counterpoise approach.25,26 Details of the 
theoretical calculations are given in Chapter 2. 
 
8.4 Maximum-Likelihood Estimate of the N3 Proton Affinities.   
The absolute N3 PAs of C, 5MeC, 1MeC, and 15dMeC are determined by 
performing a statistical analysis that determines the most probable values, i.e., the 
maximum likelihood estimate (MLE), and the uncertainties in these values based on the 
literature values reported for the absolute PAs of C9,10 and 1MeC11, and the relative PAs 
of these four nucleobases derived from our TCID studies of the proton-bound 
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heterodimers measured here as well as the value for the (5MeC)H+(C) pair reported in 
our earlier work.6  In the analysis, the reported uncertainties are assumed to describe 
the width of the normal probability distributions.  Because each of the measurements is 
independent, the combined MLE for all four nucleobases is simply the product of the 
likelihood of each of the measurements.  Normalization of the resulting likelihood 
distribution transforms it into a formal probability density function.  The peak of this 
function is the MLE for the PAs, whereas the 2-D cross sections of the probability 
density function provide the residual uncertainties in these estimates. 
 
8.5 Results 
8.5.1 Cross Sections for Collision-Induced Dissociation 
Experimental cross sections were obtained for the interaction of Xe with seven 
(xC)H+(yC) proton-bound dimers, (1MeC)H+(1MeC), (15dMeC)H+(15dMeC), 
(1MeC)H+(C), (15dMeC)H+(C), (1MeC)H+(5MeC), (15dMeC)H+(5MeC), and 
(15dMeC)H+(1MeC). The energy dependent CID cross sections of all seven five 
(xC)H+(yC) dimers are shown in Figure 8.1. Over the collision energy range examined, 
typically ~0–6 eV, the only dissociation pathway observed for the proton-bound 
homodimers corresponds to cleavage of the three hydrogen bonds responsible for the 
binding in these species resulting in loss of the neutral nucleobase in the CID reactions 
8.1. 
(xC)H+(xC) + Xe → H+(xC) + xC + Xe                             (8.1) 
CID of the (xC)H+(yC) proton-bound heterodimers leads to two dissociation pathways 
that occur in parallel and compete with each other, reactions 8.2 and 8.3. 
 224 
(xC)H+(yC) + Xe → H+(xC) + yC + Xe                             (8.2) 
(xC)H+(yC) + Xe → H+(yC) + xC + Xe                             (8.3) 
This behavior is consistent with fragmentation via IRMPD4,8 and CID of similar proton-
bound dimers.6,7 Production of the protonated nucleobase having the higher PA is 
energetically favored over production of the protonated nucleobase with lower PA such 
that the CID results indicate that the N3 PAs of these nucleobases follow the order: 
15dMeC > 1Me-d3-C, 1MeC > 5MeC > C. 
 
8.5.2 Theoretical Results   
As discussed in section 8.3, the stable tautomeric conformations of the neutral 
xC and protonated H+(xC) nucleobases as well as the (xC)H+(yC) proton-bound dimers, 
where (xC)H+(yC) = (C)H+(C), (5MeC)H+(C), and (5MeC)H+(5MeC), have previously 
been examined at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, MP2(full)/6-31G* and 
MP2(full)/def2-TZVPPD levels of theory in the IRMPD and TCID studies we previously 
reported.4,6,7  These calculations are expanded here to include structures for 1MeC, 
1Me-d3-C, and 15dMeC as well as the proton-bound homo- and heterodimers of these 
species with C and 5MeC optimized at the same levels of theory as described in the 
theoretical calculations section. The geometry-optimized structures of the three most 
stable tautomeric conformations computed and their enthalpies at 0 K and relative 
Gibbs free energies at 298 K of neutral xC and protonated H+(xC) are included in Figure 
S2 of the Supporting Information of reference 12. To differentiate the various stable low-
energy tautomeric conformations of these species lowercase Roman numerals are used 
to describe the tautomeric conformations of the neutral nucleobase, whereas uppercase 
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Roman numerals with a “+” sign are used to describe the tautomeric conformations of 
the protonated nucleobase, and both are ordered based on the relative Gibbs free 
energies at 298 K of the low-energy tautomeric conformations of C and H+(C). The 
B3LYP/def2-TZVPPD optimized structures of the ground-state conformations of the 
seven proton-bound dimers examined here are shown in Figure 8.2.  As can be seen 
in the figure, the ground-state structures of all seven proton-bound dimers involve three 
hydrogen bonds and adopt an anti-parallel configuration of the protonated and neutral 
nucleobases, which is the most commonly observed conformation in multi-stranded 
DNAs.  In the ground-state tautomeric conformations of the heterodimers, the excess 
proton is bound to the nucleobase with the higher PA.  This ground-state conformer is 
designated as II+•••i_3a to indicate that the excited II+ tautomeric conformation of the 
protonated base, H+(xC), binds to the ground-state i tautomeric conformation of the 
neutral base, xC or yC.  The underscore 3a designation indicates that the binding 
occurs via three hydrogen-bonding interactions and the protonated and neutral bases 
are bound in an anti-parallel configuration.  
It is unclear whether tautomerization to the O2-protonated nucleobases, I+, will 
occur during the dissociation of these complexes.  Therefore, PES scans and TS 
calculations were performed to determine the height of the tautomerization barriers. The 
reaction coordinate diagrams for dissociation of all seven (xC)H+(yC) proton-bound 
dimers to produce N3-protonated II+ or O2-protonated I+ products are shown in Figure 
8.3.  The relative energies along the PESs for the dissociation pathways to produce 
N3-protonated II+ or O2-protonated I+ products determined at all four levels of theory for 
all seven proton-bound dimers are summarized in Table 8.1.  In the TSs of all seven 
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proton-bound dimers, the excess proton is chelating with the O2 and N3 atoms.  As 
can be seen in the PESs of Figure 8.3, the barriers to tautomerization (179.9−183.5 
kJ/mol) exceed the dissociation energies for simple cleavage of the three hydrogen 
bonds (161.5–171.1 kJ/mol) by 11.1−19.2 kJ/mol, indicating that at threshold, 
tautomerization will not occur.  The tautomerization barriers are also determined at the 
B3LYP/6-311+G(2d,2p), MP2(full)/6-311+G(2d,2p), and MP2(full)/def2-TZVPPD levels 
to ensure that the barriers computed are not highly sensitive to the basis sets and level 
of theory employed.  As can be seen in Table 8.1, the computed tautomerization 
barriers exceed the dissociation energies for simple cleavage of the three hydrogen 
bonds for all seven proton-bound dimers regardless of the level of theory employed, 
confirming that tautomerization will not occur upon dissociation at threshold energies, 
and indicating that BPEs involving simple cleavage of the three hydrogen bonds of the 
proton-bound dimers and N3 PAs of the nucleobases are measured in the experiments.  
BPEs including ZPE and BSSE corrections calculated for dissociation pathway that 
produces the N3-protonated product (II+) at the B3LYP and MP2(full) levels of theory 
using the 6-311+G(2d,2p) and def2-TZVPPD basis sets are summarized in Table 8.2.  
The calculated BPEs for the (1MeC)H+(5MeC) and (1Me-d3-C)H+(5MeC) complexes 
and the N3 PAs of 1MeC and 1Me-d3-C are equal, indicating that TCID experiments on 
(1Me-d3-C)H+(5MeC) can be used to determine the BPE for the (1MeC)H+(5MeC) 
complex and relative N3 PAs of 1MeC and 5MeC.   
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8.5.3 Threshold Analysis 
The model of equation 2.3 (Chapter 2) was used to analyze the thresholds for 
reaction 8.1 for two (xC)H+(xC) proton-bound homodimers and reactions 8.2 and 8.3 
for five (xC)H+(yC) proton-bound heterodimers. As concluded from the theoretical 
results, tautomerization will not occur upon CID at threshold energies such that the 
tautomeric forms of the neutral and protonated nucleobase products are the same as in 
the proton-bound dimers, II+ and i.  Theoretical calculations also found that the 
hydrogen bond involving the excess proton provides ~100 kJ/mol stabilization energy 
for the proton-bound dimer, whereas the two additional neutral hydrogen bonds each 
add ~30 kJ/mol additional stabilization.  Therefore, the reaction coordinate involves 
lengthening of the N3−H+•••N3 hydrogen bond, which leads to simultaneous lengthening 
and cleavage of the other two neutral hydrogen bonds.  Based on the computational 
results, a loose phase space limit (PSL) TS model27 is applied.  The results of these 
analyses are summarized in Table 8.3 and shown in Figure 8.4. The thresholds 
determined are also summarized in Table 8.3. For the homodimers, the experimental 
cross sections for reactions 8.1 are accurately reproduced using a loose PSL TS 
model27 for the (xC)H+(xC)_II+•••i_3a → H+(xC)_II+ + xC_i CID pathway.  In the cases 
of the heterodimers, the experimental cross sections for reactions 8.2 and 8.3 are 
accurately reproduced using the loose PSL TS model for the (xC)H+(yC)_II+•••i_3a → 
H+(xC)_II+ + yC_i and (xC)H+(yC)_II+•••i_3a → H+(yC)_II+ + xC_i CID pathways, 
respectively, confirming our assumption that tautomerization does not occur upon 
dissociation at or near threshold energies, and indicating that the ground-state 
(xC)H+(yC)_II+•••i_3a structures are accessed in the experiments.  The relative N3 PAs 
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of cytosine and the methylated cytosines are also obtained from competitive analyses of 
these dissociation pathways for the proton-bound heterodimers and are summarized in 
Table 8.4 along with the relative N3 PAs calculated at the B3LYP/def2-TZVPPD level of 
theory.  
The entropy of activation, ∆S†, is a measure of the looseness of the TS and also 
a reflection of the complexity of the system.  ∆S† is largely determined from the 
molecular constants used to model the energized complex and the TS, but also 
depends on the threshold energy, E0(PSL).  The ∆S†(PSL) values at 1000 K are listed 
in Table 8.3, and vary between 91 and 104 J•K-1•mol-1 across these systems.  The 
large positive entropies of activation determined result from the fact that while the two 
neutral hydrogen bonds contribute to the stability, they also conformationally constrain 
the reactant proton-bound dimer such that upon dissociation there is a large increase in 
entropy. 
 
8.6 Discussion   
8.6.1 Comparison of Experiment and Theory 
The BPEs of the seven proton-bound (xC)H+(yC) dimers at 0 K measured here 
by TCID techniques are summarized in Table 8.2.  Also listed in Table 8.2 are the 
BPEs of the proton-bound dimers calculated at the B3LYP and MP2(full) levels of theory 
using the 6-311+G(2d,2p) and def2-TZVPPD basis sets, and including ZPE and BSSE 
corrections.  The measured and calculated BPEs of the (C)H+(C), (5MeC)H+(5MeC), 
and (5MeC)H+(C) complexes are also included for comparison.6,7 The agreement 
between the measured and calculated BPEs at all four levels of theory is illustrated in 
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Figure 8.5. Overall, the B3LYP results exhibit better agreement with the measured 
BPEs, whereas the MP2(full) values are systematically low.  The mean absolute 
deviations (MADs) between theory and experiment for the B3LYP/def2-TZVPPD and 
B3LYP/6-311+G(2d,2p) levels of theory are 3.0 ± 0.8 and 3.6 ± 1.2 kJ/mol, respectively.  
The MADs for the B3LYP results are smaller than the average experimental uncertainty 
(AEU) in these values, 4.9 ± 0.5 kJ/mol, suggesting that the B3LYP level of theory 
accurately describes the hydrogen-bonding interactions responsible for the binding in 
these proton-bound dimers, with the def2-TZVPPD results being slightly more accurate.  
The MP2(full) level of theory does not perform nearly as well.  The MADs between the 
MP2(full)/def2-TZVPPD and MP2(full)/6-311+G(2d,2p) results and the measured values 
are 38.0 ± 7.8 and 36.5 ± 7.2 kJ/mol, respectively, significantly greater than the MADs 
for the B3LYP values and the AEU.  The agreement between the MP2(full) calculated 
and TCID measured values improves to 23.0 ± 10.3 and 17.7 ± 7.0 kJ/mol when BSSE 
corrections are not included, consistent with previous TCID studies on similar proton-
bound dimers.6,7 This behavior is also consistent with previous theoretical studies of 
hydrogen-bonded complexes,28- 35 which have shown that at least triple-zeta-quality 
basis sets are required to accurately describe systems where there can be significant 
intramolecular noncovalent interactions, and the BSSE corrections can get rather large 
for MP2 calculations when flexible but still unsaturated basis sets are used.  
The agreement between the measured and B3LYP/def2-TZVPPD calculated 
relative N3 PAs is listed in Table 8.4 and compared pictorially in Figure 8.6a.  As can 
be seen in Figure 8.6a, the B3LYP/def2-TZVPPD level of theory provides good 
estimates for the relative N3 PAs of C versus 1MeC and 15dMeC, whereas theory 
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underestimates the relative N3 PAs of C versus 5MeC.  The MAD between theory and 
experiment for the relative N3 PAs is 2.8 ± 2.6 kJ/mol; just slightly larger than the AEU 
in these values, 2.5 ± 0.8 and kJ/mol.  The B3LYP/def2-TZVPPD calculations indicate 
that the N3 PA of 1MeC is slighter greater than 5MeC, whereas TCID experiments 
using cytosine as the reference base find that the PAs of these two nucleobases differ 
by less than the experimental error in either measurement.  The TCID experiment 
examining the (1Me-d3-C)H+(5MeC) proton-bound dimer helps solve this problem and 
suggests that the N3 PA of 1MeC is slightly greater than that of 5MeC, consistent with 
the B3LYP/def2-TZVPPD results. 
Absolute N3 PAs at 298 K of the three methylated cytosines are derived from a 
comprehensive maximum likelihood statistical analysis of the TCID results for all five 
proton-bound heterodimers examined here as well as the (5MeC)H+(C) heterodimer 
previously investigated6 and the PAs of C and 1MeC obtained from the NIST Chemistry 
Webbook and reference 11.  The results of these analyses are summarized in Table 
8.5, whereas the absolute N3 PAs and the 2-D cross sections of the uncertainties in the 
PAs determined are shown in Figure 8.7.  Each 2-D cross section plot in Figure 8.7 
illustrates the correlation in the MLE of the N3 PAs and the corresponding uncertainties 
for each nucleobase pair.  The absolute N3 PAs determined from the MLE are 
compared with B3LYP/def2-TZVPPD calculated values in Figure 8.6b.  The MAD 
between theory and experiment for the absolute N3 PAs is 2.3 ± 2.1 kJ/mol, smaller 
than the AEU in these values, 2.9 ± 0.1 kJ/mol.  Liu et al. previously reported PAs of C 
(950 ± 13 kJ/mol) and 1MeC (962 ± 13 kJ/mol) using the extended Cooks kinetic 
method.11  These values are consistent with the PA listed in the NIST Chemistry 
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Webbook for C, 949.9 ± 8 kJ/mol, and those for C and 1MeC measured here, 949.2 ± 
2.8 and 963.2 ± 2.9 kJ/mol.  However, the additional data provided by the present 
measurements combined with the MLE significantly reduce the uncertainty in the 
absolute N3 PAs from ~8 to ~3 kJ/mol. 
 
8.6.2 Influence of Methylation on the N3 PA 
As can be seen in Figure 8.6a, methylation at either the 1- or 5-positions leads to 
an increase in the N3 PA of cytosine.  This is the expected behavior, and is easily 
understood based on the electronic properties of the methyl substituent.  The methyl 
substituent is an electron donating moiety, and therefore increases the electron density 
within the aromatic ring, leading to stabilization of the positive charge associated with 
the excess proton.  1-Methylation of cytosine produces a slightly larger effect on the N3 
PA than 5-methylation, because the methyl substituent donates more electron density to 
the aromatic ring when bound to the electronegative N1 atom than the C5 atom.  The 
TCID measured N3 PAs of cytosine and the methylated cytosines follow the order: 
15dMeC > 1MeC > 5MeC > C, consistent with the trend predicted from apparent 
thresholds of the heterodimers. The correlation between the polarizabilities of xC and 
the TCID measured absolute N3 PAs are shown in Figure 8.8a.  A linear regression fit 
through all of the data is also shown.  Clearly, the absolute N3 PAs of xC increase as 
the polarizabilities of xC increase. 
 
 
 
 232 
8.6.3 Influence of Methylation on the BPEs  
The measured and calculated BPEs at 0 K of the seven proton-bound (xC)H+(yC) 
dimers measured here and three previously reported are listed in Table 8.2.  
Experimentally, the BPEs of permethylated proton-bound dimers of cytosine are greater 
than that of the (C)H+(C) homodimer,7 however the increase in the BPE upon 1-
methylation is smaller than the uncertainties in these measurements. Thus, 
permethylation should result in minor stabilization of DNA i-motif conformations.  
However, theory suggests that 1-methylation of cytosine leads to a small decrease in 
the BPE.  In the case of proton-bound heterodimers, all single modifications result in a 
decrease in the BPE, indicating that all modifications of a single nucleobase of the 
proton-bound dimer slightly weaken the base-pairing interactions and should result in 
minor destabilization of DNA i-motif conformations.  The correlation between the BPEs 
and relative N3 PAs of C and xC is illustrated in Figure 8.8b.  As can be seen in the 
figure, the BPEs of the proton-bound heterodimers decrease as the absolute difference 
in the relative N3 PAs of C and xC increase as a result of the unequal sharing of the 
excess proton in these proton-bound heterodimers. Thus, the influence of modifications 
on the BPEs should directly correlate with its influence on the N3 PA.   
 
8.6.4 Implications for the Stability of DNA i-Motif Conformations 
The base-pairing interactions in the proton-bound dimer of cytosine are the major 
forces responsible for stabilization of DNA i-motif conformations.  Previous TCID 
studies of proton-bound homodimers of cytosine and modified cytosines found that 5-
methylation of cytosine on both strands increases the BPE of the proton-bound dimer, 
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and would therefore tend to stabilize DNA i-motif conformations.7  These results also 
indicate that hypermethylation of CCG repeats, which is the cause of fragile-X 
syndrome, occurs to further stabilize i-motif conformations.  In contrast, the present 
TCID results indicate that 1-methylation of both cytosine residues has almost no effect 
on the strength of the base-pairing interactions, and thus as a model for the 2'-
deoxyribose sugar, we expect that the DNA backbone should have little or no effect on 
the stability of the base-pairing in DNA i-motif conformations, whereas theory suggests 
that 1-methylation of both cytosine residues lead to a decrease in BPE and thus 
backbone effects should destabilize the base-pairing interactions in DNA i-motif 
conformations relative to the isolated base pairs. The BPE of the (15dMeC)H+(15dMeC) 
homodimer is slighter greater than that of the (C)H+(C) homodimer, indicating that 
permethylation of both cytosine residues at N1 and C5 positions slightly increases the 
BPE and hence should slightly stabilize DNA i-motif conformations.  By extension, 
these results also suggest that the BPE of the proton-bound dimer of 2'-deoxycytidine 
(dCyd) should be approximately equal to that of C. However, polarizability effects also 
play a role such that this conclusion must be experimentally (and theoretically) verified 
and is the subject of future investigations.  Methylation of a single cytosine residue at 
any position weakens the base-pairing interactions. However, the BPEs of all 
(xC)H+(yC) heterodimers are still much greater than those of canonical Watson-Crick 
G•C and neutral C•C base pairs, suggesting that DNA i-motif conformations are still 
favored over conventional base pairing. Thus, although methylation of a single cytosine 
at the N1, C5 or N1 and C5 positions tends to weaken the base-pairing interactions in 
the proton-bound dimers of cytosine, the effects are sufficiently small that i-motif 
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conformations should be stable to such modifications. Only in the case of 
hypermethylation at the C5 or N1 and C5 positions are the base-pairing interactions 
enhanced, and this leads to the diseased state associated with the fragile X syndrome.  
Although the change in the BPE induced by methylation is not large for a single proton-
bound dimer, the accumulated effect can be dramatic in diseased state trinucleotide 
repeats associated with the fragile X syndrome where more than 230 trinucleotides and 
hundreds of methylated proton-bound dimers may be present.  Because methylation at 
different positions may lead to an increase or decrease in the BPE, the influence of 
methylation will be seen in the number of trinucleotide repeats required to cause 
structural conversion from canonical Watson-Crick base-pairing to DNA i-motif 
conformations. 
 
8.7 Conclusions 
Cytosine methylation, one of the most common epigenetic modifications, can 
regulate gene expression by altering the structure and stability of DNA or DNA-protein 
interactions. In order to understand the effects of cytosine methylation on the base-
pairing interactions responsible for stabilizing DNA i-motif conformations and the proton 
affinities of the nucleobases, the energy-dependent collision-induced dissociation 
behavior of seven proton-bound dimers, (1MeC)H+(1MeC), (15dMeC)H+(15dMeC), 
(1MeC)H+(C), (15dMeC)H+(C), (1MeC)H+(5MeC), (15dMeC)H+(5MeC), and 
(15dMeC)H+(1MeC), are examined in a guided ion beam tandem mass spectrometer.  
The only dissociation pathway observed for the proton-bound homodimers corresponds 
to cleavage of the three hydrogen bonds responsible for the binding in these species 
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resulting in loss of the neutral nucleobase. For the proton-bound heterodimers, two 
dissociation pathways involving production of the two protonated nucleobases via 
elimination of the other nucleobase occur in parallel, and compete with each other. 
PESs were calculated to determine the heights of tautomerization barriers for 
dissociation of the ground-state conformations of the proton-bound dimers to produce 
ground-state O2-protonated nucleobase products (I+). The calculations confirm that the 
tautomerization barriers exceed the dissociation energy for production of the N3-
protonated nucleobases (II+) such that tautomerization will not occur upon dissociation 
at or near threshold energies. Thresholds corresponding to BPEs for CID reactions that 
produce the N3-protonated nucleobases are determined after careful consideration of 
the effects of the kinetic and internal energy distributions of the (xC)H+(yC) and Xe 
reactants, multiple collisions with Xe, and the lifetime of the activated (xC)H+(yC) 
complexes using a loose PSL TS model. Competitive threshold analyses of the two 
dissociation pathways that occur in parallel for the proton-bound heterodimers provide 
the relative N3 PAs of cytosine and the methylated cytosines.  Theoretical estimates 
for the BPEs of the (xC)H+(yC) complexes and the N3 PAs of xC are determined from 
calculations performed at the B3LYP and MP2(full) levels of theory using the 6-
311+G(2d,2p) and def2-TZVPPD basis sets. Excellent agreement between 
experimental and theoretical BPEs is found for the B3LYP level of theory, whereas 
MP2(full) theory produces values that are systematically low, even when BSSE 
corrections are not included in the computed BPEs. Excellent agreement is also 
achieved for the measured and B3LYP/def2-TZVPPD calculated relative and absolute 
N3 PAs of cytosine and methylated cytosines. These results suggest that calculations at 
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the B3LYP/def2-TZVPPD level of theory can be employed to provide reliable energetic 
predictions for related systems that bind via multiple hydrogen bonds.  Methylation 
clearly influences the base-pairing interactions in the proton-bound dimers.  In the case 
of the homodimers, 5-hypermethylation is found to increase the BPE,7 whereas 1-
hypermethylation is found to exert almost no effect on the BPE. Hence, 1,5-
dimethylation of both cytosines results in an intermediate increase in the BPE.  These 
results suggest that DNA i-motif conformations should be stabilized under 5-
hypermethylation conditions. In the case of the heterodimers, methylation of a single 
cytosine at the N1, C5 or N1 and C5 positions weakens the BPE, and therefore would 
tend to destabilize DNA i-motif conformations. The magnitude of the decrease in the 
BPE is found to directly correlate with the difference in the N3 PA induced by 
methylation. However, the BPEs of all of the methylated proton-bound dimers examined 
still significantly exceed those of canonical Watson-Crick G•C and neutral C•C base 
pairs, suggesting that the effects of methylation are not sufficient to destroy DNA i-motif 
conformations but may alter the number of trinucleotide repeats required to induce 
structural conversion from canonical Watson-Crick base-pairing to DNA i-motif 
conformations.  Methylation also affects the N3 PA of cytosine.  In contrast to its 
effects on the BPEs, methylation of cytosine increases the N3 PA regardless of the 
position of substitution. The N3 PAs of cytosine and the methylated cytosines follow the 
order: 15dMeC (979.9 ± 2.9 kJ/mol) > 1MeC (964.7 ± 2.9 kJ/mol) > 5MeC (963.2 ± 2.9 
kJ/mol) > C (949.9 ± 2.8 kJ/mol), indicating that N1-methylation has a greater influence 
on the N3 PA than C5-methylation, and the effects of N1, C5-dimethylation on the N3 
PA are roughly additive. 
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Table 8.1. Relative Energies at 0 K in kJ/mol along the PESs Computed for the 
(xC)H+(yC) Complexes. a 
System 
B3LYP  MP2(full) 
Def2-TZVPPD 6-311+G(2d,2p) Def2-TZVPPD 6-311+G(2d,2p) 
(1MeC)H+(1MeC) 0.0 0.0 0.0 0.0 
TS 182.3 182.2 211.8 203.4 
I+ + i 169.6 169.7 138.7 144.5 
II+ + i 167.2 168.8 142.9 151.9 
(15dMeC)H+(15dMeC) 0.0 0.0 0.0 0.0 
TS 183.5 182.9 213.0 204.9 
I+ + i 169.7 169.7 136.6 144.6 
II+ + i 171.1 172.6 145.2 156.4 
(1MeC)H+(C) 0.0 0.0 0.0 0.0 
TS 181.5 181.6 212.4 203.2 
I+ + i 165.5 165.6 136.0 141.1 
II+ + i 163.1 164.7 140.2 148.5 
(15dMeC)H+(C) 0.0 0.0 0.0 0.0 
TS 180.7 180.2 211.7 202.0 
I+ + i 160.1 160.2 130.1 135.8 
II+ + i 161.5 163.1 138.7 147.6 
(15dMeC)H+(5MeC) 0.0 0.0 0.0 0.0 
TS 179.9 179.5 212.5 199.8 
I+ + i 171.2 171.7 143.7 146.8 
II+ + i 168.8 170.8 147.8 154.2 
(15dMeC)H+(1MeC) 0.0 0.0 0.0 0.0 
TS 180.3 180.1 213.1 200.3 
I+ + i 165.6 166.1 138.5 141.5 
II+ + i 167.0 169.0 147.1 153.3 
a Including ZPE corrections.  
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Table 8.2. Base-Pairing Energies of (xC)H+(yC) Complexes at 0 K in kJ/mol.a 
xC, yC TCID 
B3LYPb  MP2(full)c 
  D0 D0, BSSEd  D0 D0, BSSEd 
C, C 169.9 (4.6)e   171.7e 
  170.1e 
168.9e 
169.2e 
 155.2e 
149.3e 
136.7e 
136.0e 
5MeC, 5MeC 177.4 (5.3)e   176.3e 
  174.2e 
173.4e 
173.3e 
 160.0e 
153.3e 
141.0e 
140.4e 
1MeC, 1MeC 170.7 (5.3)   169.7 
  167.2 
166.8 
166.3 
 144.6 
138.7 
125.5 
125.1 
15dMeC, 15dMeC 172.3 (5.8)   169.7 
  171.1 
166.8 
170.2 
 144.6 
136.6 
125.6 
122.8 
5MeC, C 163.6 (5.1)f   169.7f 
  168.0f 
166.8f 
167.1f 
 153.9f 
145.5f 
137.6f 
132.3f 
1MeC, C 166.6 (4.5)   164.1 
  163.1 
161.8 
162.2 
 148.5 
140.2 
129.8 
126.7 
15dMeC, C 163.4 (4.6)   163.1 
  161.5 
160.3 
160.6 
 147.6 
138.7 
128.7 
125.6 
1MeC, 5MeC 170.1 (4.5)   170.8 
  168.9 
167.9 
167.9 
 154.2 
149.3 
135.5 
134.6 
15dMeC, 5MeC 163.6 (5.2)   169.0 
  167.0 
166.2 
166.1 
 153.3 
147.1 
134.7 
133.9 
15dMeC, 1MeC 160.9 (4.7)   166.9 
  165.4 
164.0 
164.5 
 151.1 
146.1 
132.3 
132.7 
AEU/MADg  4.9 (0.5)  2.6 (2.3) 
 2.8 (1.4) 
3.6 (1.2) 
3.0 (0.8) 
 17.6 (7.0) 
23.0 (10.3) 
36.5 (7.2) 
38.0 (7.8) 
a Present results, uncertainties are listed in parentheses. 
b Calculated at the B3LYP level of theory including ZPE corrections. Values obtained 
using the 6-311+G(2d,2p) basis set are shown in standard font, whereas those 
computed using the def2-TZVPPD basis set are in bold italics. 
c Calculated at the MP2(full) level of theory using the B3LYP/def2-TZVPPD optimized 
geometries and including ZPE corrections. Values obtained using the 6-311+G(2d,2p) 
basis set are shown in standard font, whereas those computed using the def2-TZVPPD 
basis set are in bold italics. 
d Also includes BSSE corrections. 
e Values taken from reference 7.  
f values taken from reference 6. 
g Average experimental uncertainty (AEU). Mean absolute deviation (MAD) between the 
measured and computed values. 
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Table 8.3. Fitting Parameters of Equation 2.3, Threshold Dissociation Energies at 0 K, 
and Entropies of Activation at 1000 K of Proton-Bound (xC)H+(yC) Dimersa 
CID Product σb n 
E0(PSL)b 
(eV) 
∆E0 
(eV) 
∆S† (PSL)b 
(J mol-1 K-1) 
H+(1MeC) + 1MeC 18.1 (1.9) 1.2 (0.05) 1.77 (0.06)  94 (4) 
H+(15dMeC) + 15dMeC 22.3 (0.6) 1.0 (0.04) 1.79 (0.06)  93 (4) 
H+(1MeC) + C 32.8 (1.0) 1.1 (0.04) 1.73 (0.05) 
0.15 (0.02) 
94 (4) 
H+(C) + 1MeC 19.3 (3.7)  1.88 (0.04) 92 (4) 
H+(15dMeC) + C  39.3 (4.0) 1.0 (0.08) 1.69 (0.05) 
0.29 (0.03) 
95 (4) 
H+(C) + 15dMeC 8.8 (4.3)  1.98 (0.05) 91 (4) 
H+(1MeC) + 5MeC  125.4 (5.4) 1.0 (0.08) 1.76 (0.05) 
0.03 (0.02) 
104 (4) 
H+(5MeC) + 1MeC 11.0 (4.7)  1.79 (0.05) 97 (4) 
H+(15dMeC) + 5MeC 127.1 (13.7) 1.7 (0.16) 1.70 (0.05) 
0.19 (0.04) 
96 (4) 
H+(5MeC) + 15dMeC 11.0 (4.7)  1.89 (0.04) 92 (4) 
H+(15dMeC) + 1MeC 30.4 (1.2) 1.8 (0.04) 1.67 (0.05) 
0.13 (0.02) 
93 (4) 
H+(1MeC) + 15dMeC 6.4 (1.1)  1.80 (0.04) 92 (4) 
a Present results, uncertainties are listed in parentheses. b Average values for loose PSL 
TS.  
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Table 8.4. Relative N3 PAs of Cytosine and Methylated Cytosines at 298 K in kJ/mol 
Base Pair ∆N3 PAa ∆N3 PAcalcc 
1MeC, C 14.6 (2.0) 14.6 
5MeC, C 15.5 (2.1)b 10.5 
15dMeC, C 27.6 (3.4) 24.2 
1MeC, 5MeC 1.8 (2.0) 4.1 
15dMeC, 1MeC 12.5 (2.0) 15.7 
15dMeC, 5MeC 18.5 (3.7) 11.6 
a Adjusted to 298 K using thermal corrections based on the ΔH298 values listed in Table 
S6 of the Supporting Information 
b Value taken from reference 7. 
c Values calculated at the B3LYP/def2-TZVPPD level of theory. 
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Table 8.5. Absolute N3 PAs of Cytosine and Methylated Cytosines at 298 K in kJ/mol 
Nucleobase 
N3 PA 
TCIDa KMb NISTc Calcd 
C 949.2 (2.8) 950 (13) 949.9 (8.0) 953.7 
5MeC 963.2 (2.9)   964.2 
1MeC 964.7 (2.9) 962 (13)  968.3 
15dMeC 977.9 (2.9)   977.9 
a Present results, uncertainties are listed in parentheses. 
b Values taken from reference 11. 
c Value taken from references 9 and 10. 
d Calculated at the B3LYP/def2-TZVPPD level of theory and including ZPE corrections. 
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Figure Captions 
 
Figure 8.1. Cross sections for CID of all of the seven (xC)H+(yC) dimers with Xe as a 
function of collision energy in the center-of-mass frame (lower x-axis) and laboratory 
frame (upper x-axis). Data are shown for the Xe pressure of ~0.1 mTorr. 
 
Figure 8.2. B3LYP/def2-TZVPPD optimized geometries of the ground-state II+•••I_3a 
conformations of seven proton-bound dimers including: (1MeC)H+(1MeC), 
(15dMeC)H+(15dMeC), (1MeC)H+(C), (15dMeC)H+(C), (1MeC)H+(5MeC), 
(15dMeC)H+(5MeC), and (15dMeC)H+(1MeC). 
 
Figure 8.3. B3LYP/def2-TZVPPD potential energy surfaces for adiabatic and diabatic 
dissociation of the ground-state II+•••I_3a conformations of all seven (xC)H+(yC) 
complexes, to produce ground-state neutral xC_i/yC_i and protonated 
H+(yC)_I+/H+(xC)_I+ products, and ground-state neutral xC_i/yC_i and excited 
protonated H+(yC)_II+/H+(xC)_II+products, respectively. 
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Figure 8.4. Zero-pressure-extrapolated cross of all seven (xC)H+(yC) dimers with Xe in 
the threshold region as a function of kinetic energy in the center-of-mass frame (lower x-
axis) and the laboratory frame (upper x-axis).  The solid lines show the best fits to the 
data using the model of equation 2.3 convoluted over the neutral and ion kinetic and 
internal energy distributions. The dotted lines show the model cross sections in the 
absence of experimental kinetic energy broadening for the complexes with an internal 
temperature of 0 K.   
 
Figure 8.5. TCID measured BPEs of (xC)H+(yC) at 0 K (in kJ/mol), where xC, yC = C, 
5MeC, 1MeC, and 15dMeC, plotted versus B3LYP/def2-TZVPPD, MP2(full)/def2-
TZVPPD, B3LYP/6-311+G(2d,2p), and MP2(full)/6-311+G(2d,2p) calculated values 
including ZPE and BSSE corrections. BPEs of the (5MeC)H+(5MeC) and (5MeC)H+(C) 
proton-bound dimers are taken from references 7 and 6, respectively.  The solid circles 
(●) represent values for proton-bound homodimers, whereas the open circles (○) 
represent values for proton-bound heterodimers. The black solid diagonal line indicates 
the values for which calculated and measured dissociation energies are equal. The 
black dash lines are offset from the central diagonal line by the MADs calculated at the 
indicated level of theory. 
 
Figure 8.6. B3LYP/def2-TZVPPD calculated relative and absolute N3 PAs plotted 
versus TCID results at 298 K (in kJ/mol), parts a and b, respectively. Values determined 
here are indicated with closed symbols, whereas the kinetic method results of Liu et al., 
reference 11, are indicated with open symbols. 
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Figure 8.7. Maximal likelihood estimate of the proton affinities (PAs) of C, 5MeC, 1MeC, 
and 15dMeC and plots of the six 2-D cross sections of the uncertainty in the 
determination for each nucleobase pair.  Values determined using the TCID relative N3 
PAs listed in Table 8.4 and absolute PAs of C and 1MeC taken from refs 9-11.  The 
colorbar at lower left maps likelihoods, or probability densities, (scaled to 1 at the peak) 
to the colors used in the 2D cross-section images. 
 
Figure 8.8 TCID measured absolute N3 PA of xC at 298 K (in kJ/mol) versus calculated 
polarizability volumes of xC, where xC = C, 5MeC, 1MeC, and 15dMeC.  The black line 
is a linear regression fit to the data (part a). TCID measured BPEs of (C)H+(xC) at 0 K 
(in kJ/mol) versus measured relative N3 PAs of xC and C, where xC = C, 5MeC, 1MeC, 
and 15dMeC (part b). 
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CHAPTER 9 
BASE-PAIRING ENERGIES OF PROTON-BOUND DIMERS OF HALOGENATED 
CYTOSINES: EFFECTS OF HALOGENATION ON THE STABILITY OF DNA i-MOTIF 
CONFORMATIONS 
 
9.1 Introduction 
DNA methylation is one of the best-studied epigenetic modifications of the 
genome that can regulate chromatin status and directly affect the ability of transcription 
factors to access DNA.  5-Methylation of cytosine residues can alter the appearance of 
the major groove of DNA, where DNA binding proteins generally bind. These epigenetic 
“markers” can be copied after DNA synthesis, leading to heritable changes in chromatin 
structure.  In the context of gene promoters, hypomethylation of cytosine residues is 
generally associated with active, constitutively expressed genes, whereas 
hypermethylation of cytosine residues is associated with silenced genes. 1 Indeed, 
cytosine methylation is a major contributor to the generation of disease-causing 
germline mutations2 and somatic mutations that cause cancer.3  
Because cytosine methylation is a critical player in the epigenetic control of gene 
expression, it is not surprising that alterations or perturbations of cytosine methylation 
patterns have been implicated in the development of human cancer. Indeed, a 
substantial and growing list of human genes display altered methylation status in human 
tumors.4 One form of DNA damage that may prove particularly important in altering 
methylation status is halogenated cytosine residues. Numerous previous studies have 
shown that halogen atoms, particularly bromine, can mimic the behavior of the methyl 
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group in DNA-protein interactions. 5 , 6  For example, oligonucleotides containing 5-
bromocytosine have been shown to exhibit similar binding affinity for methyl-CpG 
binding proteins that selectively bind methylated DNA.7 Recent evidence has shown 
that 5-chlorocytosine and 5-bromocytosine are formed through endogenous processes 
in areas of tissue inflammation which has long been associated with cancer, suggesting 
that halogenation of nucleic acids can also be a significant form of DNA damage in 
living organisms.8-10 In addition, 5-chlorocytosine and 5-bromocytosine can be potential 
source of 5-chlorouracile and 5-bromouracile, two common known mutagens.11,12  The 
smaller fluorine substitute is a mimic of hydrogen with respect to size.  However, the 
electron-withdrawing capacity of fluorine distinguishes it from hydrogen in its influence 
on enzymatic reactions.  For instance, 5-fluorocytosine residues of oligonucleotides 
covalently bind DNA methyltransferases from both bacteria and mammals.13-15  
The structure of the proton-bound dimer has been proved to be conserved upon 
5-halogentation via infrared multiple photon dissociation action spectroscopy 
techniques.16  Previous X-ray crystallography study suggests that cytosine protonation 
required for the formation of the proton-bound C+•C dimers is affected by a decrease of 
pKa of the halogenated cytosine.17 Quantitative determination of the BPEs of proton-
bound homo- and heterodimers of C, 1MeC, and 5xC, where x = F, Br, and I, was 
performed using threshold collision-induced dissociation techniques (TCID) as 
discussed in Chapters 6, 7, and 8.18-20 It was determined that halogenation of a single 
or both cytosine residues at the 5-position decreases the BPE and should therefore 
destabilize DNA i-motif conformations.  However, the cytosine residue is connected to 
the sugar moiety via glycosidic bond in nucleic acids. Therefore, we expand the 
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complexes of interest to include 1-methyl-5-fluorocytosine (1Me5FC) and 1-methyl-5-
bromocytosine (1Me5BrC) in the present work, where the bulky methyl group at the N1 
position serves as a mimic for the sugar moiety such that implications for the effects of 
the 2'-deoxyribose moiety on the BPE can be elucidated as well.  The BPEs of the 
proton-bound homo- and heterodimers of cytosine and the 1-methyl-5-halocytosines 
generated by ESI are determined using TCID techniques in a guided ion beam tandem 
mass spectrometer.  Relative N3 proton affinities (PAs) of the 1-methyl-5-halocytosines 
are also extracted from the experimental data from competitive analyses of the two 
primary dissociation pathways that occur in parallel for the proton-bound heterodimers 
of cytosine and the 1-methyl-5-halocytosines.  Absolute N3 PAs of the 1-methyl-5-
halocytosines are also obtained using the relative PAs determined here and the PA of 
C20- 23 reported in the literature.  The measured values are compared with theoretical 
results calculated at the B3LYP and MP2(full) levels of theory to evaluate the ability of 
each level of theory for predicting accurate energetics.  
 
9.2 Threshold Collision-Induced Dissociation Experiments 
The TCID behavior of four proton-bound dimers, (1Me5FC)H+(1Me5FC), 
(1Me5BrC)H+(1Me5BrC), (C)H+(1Me5FC), and (C)H+(1Me5BrC), was studied using a 
guided ion beam tandem mass spectrometer that has been described in detail 
previously. 24  The (xC)H+(yC) complexes were generated by ESI from solutions 
containing 0.5–1 mM of the 1-methyl-5-halogenated cytosines and/or cytosine and 1% 
(v/v) acetic acid in an approximately 50%:50% MeOH:H2O mixture. The (xC)H+(yC) ions 
are desolvated, focused, and thermalized in an rf ion funnel and hexapole ion guide 
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collision cell interface. The thermalized ions emanating from the hexapole ion guide are 
extracted, accelerated, and focused into a magnetic sector momentum analyzer for 
mass analysis.  Mass-selected (xC)H+(yC) complexes are decelerated to a desired 
kinetic energy and focused into a radio frequency (rf) octopole ion beam guide.25-27 The 
octopole passes through a static gas cell where the reactant (xC)H+(yC) heterodimers 
undergo CID with Xe28-30 under nominally single collision conditions, ~0.05–0.10 mTorr. 
The product and undissociated (xC)H+(yC) ions drift to the end of the octopole where 
they are focused into a quadrupole mass filter for mass analysis. The ions are detected 
using a secondary electron scintillation (Daly) detector and standard pulse counting 
techniques. Details of the experimental procedures and thermochemical analysis of 
experimental data are given in Chapter 2. 
 
9.3 Theoretical Calculations 
In previous work, the stable low-energy tautomeric conformations of C and H+(C), 
were examined as described in detail in Chapter 5. Geometry optimizations and 
frequency analyses of the low-energy tautomeric conformations of these species were 
performed using Gaussian 0931 at the B3LYP/6-31G*, B3LYP/def2-TZVPPD,32 and 
MP2(full)/6-31G* levels of theory.  In the present study, geometry optimizations and 
frequency analyses of the low-energy tautomeric conformations of the xC, H+(xC), 
where xC = 1Me5FC and 1Me5BrC, and four proton-bound dimers including 
(1Me5FC)H+(1Me5FC), (1Me5BrC)H+(1Me5BrC), (C)H+(1Me5FC), and 
(C)H+(1Me5BrC), were performed at the same levels of theory. The polarizabilities of 
the neutral nucleobases required for threshold analyses are calculated at the 
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PBE1PBE/6-311+G(2d,2p) level of theory, which has been shown to provide 
polarizabilities that exhibit better agreement with experimental values than the B3LYP 
functional employed here for structures and energetics.33  Relaxed potential energy 
surface (PES) scans were performed at the B3LYP/6-31G* level of theory to provide 
candidate structures for the transition states (TSs) for adiabatic dissociation of the 
ground-state conformations of proton-bound homodimers to produce ground-state 
conformations of the neutral and protonated nucleobase products.  The actual TSs 
were obtained using the quasi synchronous transit method, QST3,34 at the B3LYP/6-
31G*, B3LYP/def2-TZVPPD, and MP2(full)/6-31G* levels of theory, using the input from 
the relevant minima (reactant and products) and an estimate of the TS obtained from 
the relaxed PES scans.  Single point energy calculations for the xC, H+(xC), TSs, and 
(xC)H+(yC) complexes were performed at the B3LYP/6-311+G(2d,2p), B3LYP/def2-
TZVPPD, MP2(full)/6-311+G(2d,2p), and MP2(full)/def2-TZVPPD levels of theory using 
geometries optimized at the B3LYP/6-31G*, B3LYP/def2-TZVPPD, MP2(full)/6-31G*, 
and B3LYP/def2-TZVPPD levels, respectively.  Zero-point energy (ZPE) corrections 
were determined using vibrational frequencies calculated at the B3LYP and MP2(full) 
levels of theory and scaled by a factor of 0.9804 and 0.9646, respectively.35  To obtain 
accurate energetics, basis set super-position errors corrections (BSSEs) are also 
included in the calculated BPEs using the counterpoise approach.36,37 Details of the 
theoretical calculations are given in Chapter 2. 
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9.4 Results 
9.4.1 Cross Sections for Collision-Induced Dissociation 
Experimental cross sections were obtained for the interaction of Xe with four 
(xC)H+(yC) proton-bound dimers, (1Me5FC)H+(1Me5FC), (1Me5BrC)H+(1Me5BrC), 
(C)H+(1Me5FC), and (C)H+(1Me5BrC). The energy dependent CID cross sections of all 
four (xC)H+(yC) complexes are shown in Figure 9.1.  Over the collision energy range 
examined, typically ~0–6 eV, the only dissociation pathway observed for the proton-
bound homodimers corresponds to cleavage of the three hydrogen bonds responsible 
for the binding in these species resulting in loss of the neutral nucleobase in the CID 
reactions 9.1. 
(xC)H+(xC) + Xe → H+(xC) + xC + Xe                             (9.1) 
CID of the (xC)H+(yC) proton-bound heterodimers leads to two dissociation pathways 
that occur in parallel and compete with each other, reactions 9.2 and 9.3. 
(C)H+(xC) + Xe → H+(xC) + C + Xe                               (9.2) 
(C)H+(xC) + Xe → H+(C) + xC + Xe                               (9.3) 
This behavior is consistent with fragmentation via IRMPD16 and CID of similar proton-
bound dimers.18,19  
 
9.4.2 Theoretical Results   
As discussed in section 9.3, the stable tautomeric conformations of neutral 
cytosine, C, and protonated cytosine, H+(C), and various 1- and 5-methylated and 5-
halogenated derivatives have previously been examined at the B3LYP/6-31G*, 
B3LYP/def2-TZVPPD, MP2(full)/6-31G* and MP2(full)/def2-TZVPPD levels of theory in 
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the IRMPD and TCID studies we previously reported.16,18,19 These calculations are 
expanded here to include structures for 1Me5FC and 1Me5BrC as well as the proton-
bound homo- and heterodimers of these species with C optimized at the same levels of 
theory as described in the theoretical calculations section. The geometry-optimized 
structures of the three most stable tautomeric conformations computed and their 
enthalpies at 0 K and relative Gibbs free energies at 298 K of neutral 1Me5FC and 
protonated H+(1Me5FC) are included in Figure 9.2.  To differentiate the various stable 
low-energy tautomeric conformations of these species lowercase Roman numerals are 
used to describe the tautomeric conformations of the neutral nucleobase, whereas 
uppercase Roman numerals with a “+” sign are used to describe the tautomeric 
conformations of the protonated nucleobase, and both are ordered based on the relative 
Gibbs free energies at 298 K of the low-energy tautomeric conformations of C and 
H+(C). The B3LYP/def2-TZVPPD optimized structures of the ground-state 
conformations of the four proton-bound dimers examined here are shown in Figure 9.3.  
As can be seen in the figure, the ground-state structures of all four proton-bound dimers 
involve three hydrogen bonds and adopt an anti-parallel configuration of the protonated 
and neutral nucleobases, which is the most commonly observed conformation in multi-
stranded DNAs.  This ground-state conformer is designated as II+•••i_3a to indicate 
that the excited II+ tautomeric conformation of the protonated base, H+(xC), binds to the 
ground-state i tautomeric conformation of the neutral base, xC or yC.  The underscore 
3a designation indicates that the binding occurs via three hydrogen-bonding interactions 
and the protonated and neutral bases are bound in an anti-parallel configuration.  
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It is unclear whether tautomerization to the O2-protonated nucleobases, I+, will 
occur during the dissociation of these complexes.  Therefore, PES and TS calculations 
were performed to determine the height of the tautomerization barriers. The reaction 
coordinate diagrams for dissociation of all four (xC)H+(yC) proton-bound dimers to 
produce N3-protonated II+ or O2-protonated I+ products are shown in Figure 9.4.  The 
relative energies along the PESs for the dissociation pathways to produce N3-
protonated II+ or O2-protonated I+ products determined at all four levels of theory for all 
seven proton-bound dimers are summarized in Table 9.1.  In the TSs of all four proton-
bound dimers, the excess proton is chelating with the O2 and N3 atoms.  As can be 
seen in the PESs of Figure 9.4, the barriers to tautomerization (176.4−189.5 kJ/mol) 
exceed the dissociation energies for simple cleavage of the three hydrogen bonds 
(160.8–166.1 kJ/mol) by 9.4−25.5 kJ/mol, indicating that at threshold, tautomerization 
will not occur.  The tautomerization barriers are also determined at the B3LYP/6-
311+G(2d,2p), MP2(full)/6-311+G(2d,2p), and MP2(full)/def2-TZVPPD levels to ensure 
that the barriers computed are not highly sensitive to the basis sets and level of theory 
employed.  As can be seen in Table 9.1, the computed tautomerization barriers 
exceed the dissociation energies for simple cleavage of the three hydrogen bonds for all 
seven proton-bound dimers regardless of the level of theory employed, confirming that 
tautomerization will not occur upon dissociation at threshold energies, indicating that 
BPEs involving simple cleavage of the three hydrogen bonds of the proton-bound 
dimers and N3 PAs of the nucleobases are measured in the experiments.  BPEs 
including ZPE and BSSE corrections calculated for dissociation pathway that produces 
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the N3-protonated product (II+) at the B3LYP and MP2(full) levels of theory using the 6-
311+G(2d,2p) and def2-TZVPPD basis sets are summarized in Table 9.2.   
 
9.4.3 Threshold Analysis 
The model of equation 2.3 (Chapter 2) was used to analyze the thresholds for 
reaction 9.1 for two (xC)H+(xC) proton-bound homodimers and reactions 9.2 and 9.3 
for two (xC)H+(yC) proton-bound heterodimers. As concluded from the theoretical 
results, tautomerization will not occur upon CID at threshold energies such that the 
tautomeric forms of the neutral and protonated nucleobase products are the same as in 
the proton-bound dimers, II+ and i.  Based on the computational results, a loose phase 
space limit (PSL) TS model38 is applied. The results of these analyses are summarized 
in Table 9.3 and shown in Figure 9.5. The thresholds determined are also summarized 
in Table 9.3. For the homodimers, the experimental cross sections for reactions 9.1 are 
accurately reproduced using a loose PSL TS model38 for the (xC)H+(xC)_II+•••i_3a → 
H+(xC)_II+ + xC_i CID pathway.  In the cases of the heterodimers, the experimental 
cross sections for reactions 9.2 and 9.3 are accurately reproduced using the loose PSL 
TS model38 for the (C)H+(xC)_II+•••i_3a → H+(xC)_II+ + C_i and (C)H+(xC)_II+•••i_3a → 
H+(C)_II+ + xC_i CID pathways, respectively, confirming our assumption that 
tautomerization does not occur upon dissociation at or near threshold energies, and 
indicating that the ground-state (xC)H+(yC)_II+•••i_3a structures are accessed in the 
experiments.  However, the TCID experiments suggest that production of H+(1Me5FC) 
and H+(1Me5BrC) is energetically favored over production of H+(C), whereas theory 
suggests the opposite trend.  The relative N3 PAs of cytosine and the 5-halo- and 1-
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methyl-5-halocytosines are also obtained from competitive analyses of these 
dissociation pathways for the proton-bound heterodimers examined here and those 
previously examined19 and are summarized in Table 9.4 along with the relative N3 PAs 
calculated at the B3LYP/def2-TZVPPD level of theory.  
The entropy of activation, ∆S†, is a measure of the looseness of the TS and also 
a reflection of the complexity of the system. ∆S† is largely determined from the 
molecular constants used to model the energized complex and the TS, but also 
depends on the threshold energy, E0(PSL).  The ∆S†(PSL) values at 1000 K are listed 
in Table 9.3, and vary between 91 and 100 J•K-1•mol-1 across these systems.  The 
large positive entropies of activation determined result from the fact that while the two 
neutral hydrogen bonds contribute to the stability, they also conformationally constrain 
the reactant proton-bound dimer such that upon dissociation there is a large increase in 
entropy. 
 
9.5 Discussion   
9.5.1 Comparison of Experiment and Theory 
The BPEs of the four proton-bound (xC)H+(yC) dimers at 0 K measured here by 
TCID techniques are summarized in Table 9.2.  Also listed in Table 9.2 are the BPEs 
of the proton-bound dimers calculated at the B3LYP and MP2(full) levels of theory using 
the 6-311+G(2d,2p) and def2-TZVPPD basis sets, and including ZPE and BSSE 
corrections.  The agreement between the measured and calculated BPEs at all four 
levels of theory is illustrated in Figure 9.6. In order to understand the effects of 1-
methylation and 5-halogentation on the BPEs, the measured and calculated BPEs of 
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the (C)H+(C), (1MeC)H+(1MeC), (5FC)H+(5FC), (5BrC)H+(5BrC), (C)H+(1MeC), 
(C)H+(5FC), and (C)H+(5BrC) complexes are also included for comparison.18-20  
Overall, the B3LYP results exhibit better agreement with the measured BPEs, whereas 
the MP2(full) values are systematically low. The mean absolute deviations (MADs) 
between theory and experiment for the B3LYP/def2-TZVPPD and B3LYP/6-
311+G(2d,2p) levels of theory are 3.1 ± 2.7 and 3.6 ± 2.6 kJ/mol, respectively.  The 
MADs for the B3LYP results are smaller than the average experimental uncertainty 
(AEU) in these values, 4.9 ± 0.3 kJ/mol, suggesting that the B3LYP level of theory 
accurately describes the hydrogen-bonding interactions responsible for the binding in 
these proton-bound dimers, with the def2-TZVPPD results being slightly more accurate.  
The MP2(full) level of theory does not perform nearly as well.  The MADs between the 
MP2(full)/def2-TZVPPD and MP2(full)/6-311+G(2d,2p) results and the measured values 
are 40.6 ± 8.8 and 35.0 ± 3.5 kJ/mol, respectively, significantly greater than the MADs 
for the B3LYP values and the AEU.  The agreement between the MP2(full) calculated 
and TCID measured values improves to 24.0 ± 9.0 and 12.3 ± 3.9 kJ/mol when BSSE 
corrections are not included, consistent with previous TCID studies on similar proton-
bound dimers.18,19 This behavior is also consistent with previous theoretical studies of 
hydrogen-bonded complexes,39- 46 which have shown that at least triple-zeta-quality 
basis sets are required to accurately describe systems where there can be significant 
intramolecular noncovalent interactions, and the BSSE corrections can get rather large 
for MP2 calculations when flexible but still unsaturated basis sets are used.  
The agreement between the measured and B3LYP/def2-TZVPPD calculated 
relative N3 PAs is listed in Table 9.4 and compared pictorially in Figure 9.7a.  As can 
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be seen in Figure 9.7a, As can be seen in Figure 7a, the B3LYP/def2-TZVPPD level of 
theory provides good estimates for the relative N3 PAs of C versus 1MeC, 5FC, and 
5BrC, whereas theory underestimates the relative N3 PAs of C versus 1Me5xCs, where 
x = F and Br.  The MAD between theory and experiment for the relative N3 PAs is 6.0 ± 
7.4 kJ/mol, larger than the AEU in these values, 1.4 ± 0.9 kJ/mol. The B3LYP/def2-
TZVPPD calculations indicate that the N3 PAs of 1Me5xCs are smaller than C, whereas 
TCID experiments suggest that the N3 PAs of 1Me5xCs exceed that of C.  However, 
both theory and experiment find that the PAs of 1Me5xCs lie between those of 1MeC 
and 5xC. 
Absolute N3 PAs at 298 K of the four halogenated cytosines are derived from the 
TCID results for the two proton-bound heterodimers examined here as well as the 
(C)H+(5FC) and (C)H+(5BrC) heterodimers previously investigated19 and the PAs of C 
previously determined.20-23  The results of these analyses are summarized in Table 
9.4.  The N3 PAs of C, 1MeC, and the halogenated cytosines follow the order: 1MeC 
(964.7 ± 2.9 kJ/mol) > 1Me5BrC (959.9 ± 3.3 kJ/mol) > 1Me5FC (955.7 ± 3.3 kJ/mol) > 
C (949.2 ± 2.8 kJ/mol) > 5BrC (930.9 ± 3.6 kJ/mol) > 5FC (926.3 ± 3.5 kJ/mol).  The 
absolute N3 PAs determined are compared with B3LYP/def2-TZVPPD calculated 
values in Figure 9.7b.  The MAD between theory and experiment for the absolute N3 
PAs is 6.1 ± 3.6 kJ/mol, almost twice the AEU in these values, 3.3 ± 0.3 kJ/mol, and is 
largely the result of theory underestimating the N3 PAs of 1Me5FC and 1Me5BrC.   
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9.5.2 Influence of 1-Methylation and 5-Halogenation on the N3 PA 
As can be seen in Figure 9.7, 5-halogenation leads to a decrease in the N3 PA 
of cytosine, whereas 1-methylation leads to an increase in the N3 PA.  This is the 
expected behavior, and is easily understood based on the electronic properties of the 
methyl and halo substituents.  The methyl substituent is an electron donating moiety, 
and therefore increases the electron density within the aromatic ring, leading to 
stabilization of the positive charge associated with the excess proton.  The halogens 
are electron withdrawing, and therefore decrease the electron density within the 
aromatic ring, resulting in destabilization of the positive charge associated with the 
excess proton.  This behavior is also consistent with observations made in previous 
TCID studies of the proton-bound dimers of 1-methylated cytosines described in 
Chapter 8.  The effect of the 1-methyl substituent on the N3 PA is rather consistent.  
The increases in the N3 PAs from C to 1MeC, 5FC to 1Me5FC, and 5BrC to 1Me5BrC 
are 15.5, 19.4, and 20.0 kJ/mol, respectively.  The TCID measured N3 PAs of cytosine 
and the modified cytosines follow the order: 1MeC > 1Me5BrC > 1Me5FC > C > 5BrC > 
5FC.  This order differs slightly from the trend suggested by the apparent thresholds 
because the competition between the two dissociation pathways is tight such that 
kinetic effects alter the relative order of the dissociation onsets.  
 
9.5.3 Influence of 1-Methylation and 5-Halogenation on the BPEs 
The measured and calculated BPEs at 0 K of the four proton-bound (xC)H+(yC) 
dimers measured here along with values reported for the proton-bound homo- and 
heterodimers of C, 1MeC, 5FC, and 5BrC, are listed in Table 9.2.  The BPEs of the 
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proton-bound dimers of the 5-halogenated cytosines are smaller than that of the 
(C)H+(C) homodimer,18 indicating that 5-halogenation decreases the base-pairing 
interactions in the proton-bound dimers.  Experimentally, 1-permethylation is found to 
exert very little influence on the BPE, whereas theory suggests that 1-methylation of 
cytosine leads to a small decrease in the BPE.  1-Methylation of a single cytosine 
residue decreases the BPE.20  For the proton-bound dimers of the 1-methyl-5-
halocytosines, both theory and experiments suggest a decrease in the BPE.  However, 
the decrease in the BPE is smaller than the uncertainties in these measurements.  
Thus, 5-halogenation of cytosine residues should result in destabilization of DNA i-motif 
conformations, but the effects of 5-halogenation are much less significant when cytosine 
is 1-methylated. 
 
9.5.4 Implications for the Stability of DNA i-Motif Conformations 
The base-pairing interactions in the proton-bound dimer of cytosine are the major 
forces responsible for stabilization of DNA i-motif conformations.  Previous TCID 
studies of proton-bound homodimers of cytosine, and 1-methylated and 5-halogenated 
cytosines found that 1-hypermethylation of cytosine produces a very slight increase in 
the BPE, and should therefore result in minor stabilization of DNA i-motif conformations.  
In contrast, 5-hyperhalogenation of cytosine leads to a small decrease in BPE of the 
proton-bound dimer, and would therefore tend to destabilize DNA i-motif 
conformations.18,20  In contrast, the present TCID results indicate that 5-halogentation 
of cytosine residues has almost no effect on the strength of the base-pairing interactions 
when cytosine is methylated at the N1 position, and thus should have little or no effect 
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on the stability of DNA i-motif conformations.  In the case of proton-bound 
heterodimers, 1-methylation,20 5-halogenation,19 and 1-methyl-5-halogenation of a 
single cytosine residue leads to a decrease in the BPE.  However, the decrease in the 
BPE upon is 1-methyl-5-halogenation of a single cytosine is smaller than the 
uncertainties in these measurements.  Thus 5-halogention of a single cytosine residue 
should result in minor stabilization of DNA i-motif conformations when cytosine is 
methylated at the N1 position.  By extension, these results also suggest that the BPE 
of the proton-bound dimer of 5-halo-2'-deoxycytidine (5xdCyd) should be roughly equal 
to that of C.  However, polarizability effects may also play a role such that this 
conclusion must be experimentally (and theoretically) verified and is the subject of 
future investigations.  However, the BPEs of all of the (xC)H+(yC) heterodimers are still 
much greater than those of canonical Watson-Crick G•C and neutral C•C base pairs, 
suggesting that DNA i-motif conformations are still favored over conventional base 
pairing.  Thus, although halogenation of cytosine at the C5 positions tends to weaken 
the base-pairing interactions in the proton-bound dimers of cytosine, the effects are 
sufficiently small that i-motif conformations should be stable to such modifications.  
Although the change in the BPE induced by halogenation is not large for a single 
proton-bound dimer, the accumulated effect could be dramatic in diseased state 
trinucleotide repeats associated with the fragile-X syndrome where more than 230 
trinucleotides and hundreds of halogenated proton-bound dimers could be present.  
Because 5-halogenation at any cytosine residue may lead to a decrease in the BPE, the 
influence of halogenation will be seen in the number of trinucleotide repeats required to 
 276 
induce structural conversion from canonical Watson-Crick base pairing to DNA i-motif 
conformations. 
 
9.6 Conclusions 
5-Halogenation of cytosine, one of the most common DNA damage pathways, 
can regulate gene expression by altering the structure and stability of DNA or DNA-
protein interactions.  In order to understand the effects of 5-halogenation of 1-
methylcytosine on the base-pairing interactions responsible for stabilizing DNA i-motif 
conformations and the proton affinities of the modified nucleobases, the threshold 
collision-induced dissociation behaviors of four proton-bound dimers, 
(1Me5FC)H+(1Me5FC), (1Me5BrC)H+(1Me5BrC), (C)H+(1Me5FC), and 
(C)H+(1Me5BrC), are examined in a guided ion beam tandem mass spectrometer.  The 
only dissociation pathway observed for the proton-bound homodimers corresponds to 
cleavage of the three hydrogen bonds responsible for the binding in these species 
resulting in loss of the neutral nucleobase.  For the proton-bound heterodimers, two 
dissociation pathways involving production of the two protonated nucleobases occur in 
parallel, and compete with each other.  PESs were calculated to determine the heights 
of tautomerization barriers for dissociation of the ground-state conformations of the 
proton-bound dimers to produce O2-protonated nucleobase products (I+).  The 
calculations confirm that the tautomerization barriers exceed the dissociation energy for 
production of the N3-protonated nucleobases (II+) such that tautomerization will not 
occur upon dissociation at or near threshold energies.  Thresholds corresponding to 
BPEs for CID reactions that produce the N3-protonated nucleobase are determined 
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after careful consideration of the effects of the kinetic and internal energy distributions of 
the (xC)H+(yC) and Xe reactants, multiple collisions with Xe, and the lifetime of the 
activated (xC)H+(yC) dimers using a loose PSL TS model.  Competitive threshold 
analyses of the two dissociation pathways that occur in parallel for the proton-bound 
heterodimers provide the relative N3 PAs of cytosine and the halogenated cytosines.  
Theoretical estimates for the BPEs of the (xC)H+(yC) proton-bound dimers and the N3 
PAs of xC are determined from calculations performed at the B3LYP and MP2(full) 
levels of theory using the 6-311+G(2d,2p) and def2-TZVPPD basis sets.  Reasonably 
good agreement between experimental and theoretical BPEs is found for the B3LYP 
level of theory, whereas MP2(full) theory produces values that are systematically low, 
even when BSSE corrections are not included in the computed BPEs.  Reasonable 
agreement is also achieved for the measured and B3LYP/def2-TZVPPD calculated 
relative and absolute N3 PAs of cytosine and halogenated cytosines.  However, theory 
seems to underestimate the N3 PAs of 1Me5FC and 1Me5BrC.  These results suggest 
that calculations at the B3LYP/def2-TZVPPD level of theory can be employed to provide 
reliable energetic predictions for related systems that bind via multiple hydrogen bonds.  
Halogenation clearly influences the base-pairing interactions in the proton-bound 
dimers.  5-Halogenation is found to decrease the BPE of the (C)H+(C) proton-bound 
dimer,18,19 but exert a much less dramatic effect on the BPE when the cytosine residues 
are 1-methylated.  These results suggest that DNA i-motif conformations should be 
destabilized under 5-halogenation conditions.  However, the BPEs of all halogenated 
proton-bound dimers still significantly exceed those of canonical Watson-Crick G•C and 
neutral C•C base pairs, suggesting that the effects of halogenation are not sufficient to 
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destroy DNA i-motif conformations but may alter the number of trinucleotide repeats 
necessary to induce structural conversion from canonical Watson-Crick base-pairing to 
DNA i-motif conformations.  Halogenation is found to decrease the N3 PA of cytosine.  
The N3 PAs of C, 1MeC, and the halogenated cytosines follow the order: 1MeC (964.7 
± 2.9 kJ/mol) > 1Me5BrC (959.9 ± 3.3 kJ/mol) > 1Me5FC (955.7 ± 3.3 kJ/mol) > C 
(949.2 ± 2.8 kJ/mol) > 5BrC (930.9 ± 3.6 kJ/mol) > 5FC (926.3 ± 3.5 kJ/mol), indicating 
that 1-methylation has a greater influence on the N3 PAs than C5-halogenation, 
whereas theory underestimates the N3 PA of 1Me5BrC and 1Me5FC and suggests that 
the order of N3 PAs is: 1MeC > C > 1Me5BrC > 1Me5FC > 5BrC >5FC. 
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Table 9.1. Relative Energies at 0 K in kJ/mol along the PESs Computed for the 
(xC)H+(yC) Complexes. a 
System 
B3LYP  MP2(full) 
def2-TZVPPD 6-311+G(2d,2p) def2-TZVPPD 6-311+G(2d,2p) 
(1Me5FC)H+(1Me5FC) 0.0 0.0 0.0 0.0 
TS 176.4 175.9 206.1 195.5 
I+ + i 156.6 157.0 125.1 131.3 
II+ + i 165.3 167.1 141.7 151.1 
(1Me5BrC)H+(1Me5BrC) 0.0 0.0 0.0 0.0 
TS 179.8 179.7 201.2 209.6 
I+ + i 157.1 156.0 117.5 140.1 
II+ + i 160.8 161.4 126.5 152.7 
(1Me5FC)H+(C) 0.0 0.0 0.0 0.0 
TS 175.5 175.8 202.9 193.2 
I+ + i 163.9 166.0 133.5 138.5 
II+ + i 164.4 164.0 141.0 149.7 
(1Me5BrC)H+(C) 0.0 0.0 0.0 0.0 
TS 189.5 184.0 220.7 206.0 
I+ + i 163.5 162.5 131.6 136.4 
II+ + i 164.0 164.5 139.1 147.5 
a Including ZPE corrections.  
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Table 9.2. Base-Pairing Energies of (xC)H+(yC) Proton-Bound Dimers at 0 K in kJ/mol.a 
xC, yC TCID B3LYP
b  MP2(full)c 
   D0  D0, BSSEd      D0  D0, BSSEd 
1Me5FC, 1Me5FC 166.5 (4.9)   167.1 
  165.3 
 163.8 
 164.3 
  151.2 
 141.7 
 131.2 
 128.0 
1Me5BrC, 1Me5BrC 165.1 (4.6)   161.4 
  160.8 
  158.1 
  159.8 
  152.7 
 126.5 
 132.2 
 110.5 
C, 1Me5FC 166.6 (4.9)   176.1 
  174.4 
  172.1 
  173.1 
  160.9 
 152.2 
 134.0 
 133.6 
C, 1Me5BrC 167.3 (5.3)   169.6 
  167.9 
 165.6 
 166.5 
  153.7 
 145.5 
 126.4 
 124.3 
C, C 169.9 (4.6)e   171.7e 
  170.1e 
 168.9e 
 169.2e 
  155.2e 
 149.3e 
 136.7e 
 136.0e 
5FC, 5FC 162.7 (3.8)e   168.9e 
  168.1e 
 165.7e 
 167.2e 
  153.4e 
 148.2e 
 134.0e 
 135.3e 
5BrC, 5BrC 168.5 (4.9)e   164.7e 
  163.9e 
 161.5e 
 162.8e 
  147.5e 
 140.1e 
 127.6e 
 126.1e 
1MeC, 1MeC 170.7 (5.3)f   169.7f 
  167.2f 
  166.8f 
  166.3f 
  144.6f 
 138.7f 
 125.5f 
 125.1f 
C, 5FCg 157.2 (5.0)g   161.2g 
  160.6g 
  158.2g 
  159.6g 
  145.5g 
 139.2g 
 126.9g 
 126.4g 
C, 5BrCg 166.1 (3.8)g   160.3g 
  160.5g 
  157.3g 
  159.5g 
  143.7g 
 136.9g 
 124.7g 
 122.3g 
C,1MeC 166.6 (4.5)f   164.1f 
  163.1f 
  161.8f 
  162.2f 
  148.5f 
 140.2f 
 129.8f 
 126.7f 
AEU/MADh   4.9 (0.3)     3.6 (3.5) 
    2.8 (3.2) 
   3.6 (2.6) 
   3.1 (2.7) 
   12.3 (3.9) 
  24.0 (9.0) 
  35.0 (3.5) 
  40.6 (8.8) 
a Present results, uncertainties are listed in parentheses. 
b Calculated at the B3LYP level of theory including ZPE corrections. Values obtained 
using the 6-311+G(2d,2p) basis set are shown in standard font, whereas those 
computed using the def2-TZVPPD basis set are shown in bold italics. 
c Calculated at the MP2(full) level of theory using the B3LYP/def2-TZVPPD optimized 
geometries and including ZPE corrections. Values obtained using the 6-311+G(2d,2p) 
basis set are shown in standard font, whereas those computed using the def2-TZVPPD 
basis set are shown in bold italics. 
d Also includes BSSE corrections. 
e Values taken from ref 18.  
f Values taken from ref 20. 
g Values taken from ref 19. 
h Average experimental uncertainty (AEU). Mean absolute deviation (MAD) between the 
measured and computed values. 
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Table 9.3. Fitting Parameters of Equation 2.3, Threshold Dissociation Energies at 0 K, 
and Entropies of Activation at 1000 K of Proton-Bound (xC)H+(yC) Dimersa 
CID Product σb n 
E0(PSL)b 
(eV) 
∆E0 
(eV) 
∆S† (PSL)b 
(J mol-1 K-1) 
H+(1Me5FC) + 1Me5FC 43.6 (4.3) 0.9 (0.05) 1.73 (0.05)    94 (4) 
H+(1Me5BrC) + 1Me5BrC 116.9 (3.2) 1.1 (0.05) 1.71 (0.04)    96 (3) 
H+(1Me5FC) + C 7.1(1.4) 1.0 (0.03) 1.73 (0.05) 
0.06 (0.02) 
  95 (4) 
H+(C) + 1Me5FC 42.0 (4.9) 1.0 (0.03) 1.79 (0.05)   96 (4) 
H+(1Me5BrC) + C  32.4 (3.1) 1.1 (0.03) 1.73 (0.06) 
0.07 (0.02) 
  91 (4) 
H+(C) + 1Me5BrC 129.8 (4.5) 1.1 (0.03) 1.80 (0.05)  100 (4) 
a Present results, uncertainties are listed in parentheses. b Average values for loose PSL 
TS.  
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Table 9.4. Relative and Absolute N3 PAs of Cytosine and 1-Methyl and 5-Halogenated 
Cytosines at 298 K in kJ/mola 
Base Pair ∆N3 PA ∆N3 PAcalcb Nucleobase N3 PA N3 PAcalcb 
C, 1MeC 14.6 (2.0)c 14.6c  1MeC 964.7 (2.9)c 968.3c 
C, 5FC -22.9 (1.9)d -25.4 5FC 926.3 (3.5) 928.9 
C, 5BrC -18.3 (2.2)d -18.2 5BrC 930.9 (3.6) 935.9 
C, 1Me5FC 6.5 (1.6) -10.0 1Me5FC 955.7 (3.3) 943.7 
C, 1Me5BrC 6.7 (1.5)  -4.3 1Me5BrC 955.9 (3.3) 949.4 
a Adjusted to 298 K using thermal corrections based on the ΔH298 values. Absolute N3 
PAs determined using the absolute N3 PA of C = 949.2 (2.9) kJ/mol taken from 
reference 20.   
b Values calculated at the B3LYP/def2-TZVPPD level of theory. 
c Values taken from reference 20. 
d Values taken from reference 19. 
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Figure Captions 
 
Figure 9.1. Cross sections for CID of the (1Me5FC)H+(1Me5FC),  
(1Me5BrC)H+(1Me5BrC),  (C)H+(1Me5FC),  and (C)H+(1Me5BrC) complexes with Xe 
as a function of collision energy in the center-of-mass frame (lower x-axis) and 
laboratory frame (upper x-axis). Data are shown for the Xe pressure of ~0.1 mTorr. 
 
Figure 9.2. B3LYP/def2-TZVPPD optimized geometries of the three most stable 
tautomeric conformations of 1Me5FC and H+(1Me5FC) and Gibbs free energies at 298 
K calculated at the B3LYP/def2-TZVPPD level of theory with ZPE corrections included. 
 
Figure 9.3. B3LYP/def2-TZVPPD optimized geometries of the ground-state II+•••I_3a 
conformations of seven proton-bound dimers including: (1Me5FC)H+(1Me5FC),  
(1Me5BrC)H+(1Me5BrC),  (C)H+(1Me5FC),  and (C)H+(1Me5BrC). 
 
Figure 9.4. B3LYP/def2-TZVPPD potential energy surfaces for adiabatic and diabatic 
dissociation of the ground-state II+•••I_3a conformations of all four (xC)H+(yC) 
complexes, to produce ground-state neutral xC_i/yC_i and protonated 
H+(yC)_I+/H+(xC)_I+ products, and ground-state neutral xC_i/yC_i and excited 
protonated H+(yC)_II+/H+(xC)_II+products, respectively. 
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Figure 9.5. Zero-pressure-extrapolated cross of the (1Me5FC)H+(1Me5FC),  
(1Me5BrC)H+(1Me5BrC),  (C)H+(1Me5FC),  and (C)H+(1Me5BrC) complexes with Xe 
in the threshold region as a function of kinetic energy in the center-of-mass frame (lower 
x-axis) and the laboratory frame (upper x-axis).  The solid lines show the best fits to the 
data using the model of equation 2.3 convoluted over the neutral and ion kinetic and 
internal energy distributions. The dotted lines show the model cross sections in the 
absence of experimental kinetic energy broadening for the complexes with an internal 
temperature of 0 K.   
 
Figure 9.6. TCID measured BPEs of (xC)H+(yC) at 0 K (in kJ/mol), where (xC)H+(yC) = 
(1Me5FC)H+(1Me5FC),  (1Me5BrC)H+(1Me5BrC),  (C)H+(1Me5FC),  and 
(C)H+(1Me5BrC), plotted versus B3LYP/def2-TZVPPD calculated values including ZPE 
and BSSE corrections. BPEs of the (C)H+(C), (5FC)H+(5FC),  (5BrC)H+(5BrC),  
(1MeC)H+(1MeC), (C)H+(5FC),  (C)H+(5BrC), and (C)H+(1MeC) proton-bound dimers 
are taken from references 18, 19, and 20.  The black solid diagonal line indicates the 
values for which the calculated and measured BPEs are equal. 
 
Figure 9.7. B3LYP/def2-TZVPPD calculated relative and absolute N3 PAs plotted 
versus TCID results at 298 K (in kJ/mol), parts a and b, respectively.  
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CHAPTER 10 
BASE-PAIRING ENERGIES OF PROTON-BOUND DIMERS OF 2'-DEOXYCYTIDINE 
AND 5-METHYL-2'-DEOXYCYTIDINE AND THE PROTON AFFINITY OF  
5-METHYL-2'-DEOXYCYTIDINE. 
 
10.1 Introduction 
The effect of nucleotide modification on DNA is one of the oldest questions in 
DNA science and information is still limited.  Modifications of DNA can take place along 
the phosphate backbone, or to the sugar, or nucleobase moieties.  Such modifications 
not only affect the binding affinity and specificity of DNA but also possess 
pharmacokinetic and toxicological properties to satisfy the demands of medicinal 
chemistry. 1  DNA methylation, typically cytosine methylation, is the most common 
epigenetic modification in eukaryotic genomes that can regulate chromatin status and 
directly affect the ability of transcription factors to access DNA.  Roughly 5% of 
cytosines in the human genome are methylated, mainly at dinucleotide CpG sites,2 and 
there is considerable variation in the pattern of methylation with cell type and state.3,4 
Methylation of cytosine residues can alter the appearance of the major groove of DNA, 
where DNA binding proteins generally bind.  These epigenetic “markers” can be copied 
after DNA synthesis, leading to heritable changes in chromatin structure.  The majority 
of methylated CpG is found in repetitive DNA elements, suggesting that cytosine 
methylation evolved as a defense against transposons and other parasitic elements.5  
In somatic cells, promoter methylation often shows a correlation with gene expression: 
CpG methylation may directly interfere with the binding of certain transcriptional 
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regulators to their cognate DNA sequences or may enable recruitment of methyl-CpG 
binding proteins that create a repressed chromatin environment.6 DNA methylation 
patterns are highly dysregulated in cancer. Changes in methylation status are required 
for development4,7 have been postulated to inactivate tumorsuppressors and activate 
oncogenes, thus contributing to tumorigenesis8 and other disease states.9 Cytosine 
methylation is also a major contributor to the generation of disease-causing germline 
mutations10 and somatic mutations that cause cancer.11  Previous studies have shown 
that hypermethylation of cytosine in extended (CCG)n•(CGG)n trinucleotide repeats has 
been shown to result in fragile X syndrome, the most widespread inherited cause of 
mental retardation in humans, and results in intellectual disabilities and physical 
deformities.12,13   
As described in Chapter 1, the (CCG)n•(CGG)n repeats adopt i-motif 
conformations, that are preferentially stabilized by base-pairing interactions of 
noncanonical proton-bound dimers of cytosine (C+•C).  Quantitative determination of 
the strength of the BPEs of proton-bound homo- and heterodimers of cytosine (C), 5-
methylcytosine (m5C), 1-methylcytosine (m1C), and 1,5-dimethylcytosine (m 215C) was 
reported using threshold collision-induced dissociation techniques (TCID) and 
discussed in Chapter 6, 7, and 8.14-16 The bulky methyl group at the N1 position serves 
as a mimic for the sugar moiety such that implications for the effects of the 2'-
deoxyribose moiety on the BPE can be elucidated. In the case of homodimers, 5-
hypermethylation is found to increase the BPE, whereas 1-hypermethylation is found to 
exert almost no effect on the BPE.  Hence, 1,5-dimethylation of both cytosines results 
in an intermediate increase in the BPE. These results suggest that DNA i-motif 
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conformations should be stabilized under 5-hypermethylation conditions. In the case of 
the heterodimers, methylation of a single cytosine at the N1, C5 or N1 and C5 positions 
weakens the BPE, and therefore would tend to destabilize DNA i-motif conformations. In 
the present work, we studied the proton-bound homo- and heterodimers of 2'-
deoxycytidine (dCyd) and 5-methyl-2'-deoxycytidine (m5dCyd) using the TCID 
techniques such that the effects of 2'-deoxyribose sugar on the BPEs is directly 
determined. Relative N3 proton affinities (PAs) of dCyd and m5dCyd are also obtained 
from the experimental data via competitive analysis of the two primary dissociation 
pathways that occur in parallel for the (m5dCyd)H+(dCyd) complexes. Absolute N3 PAs 
of the m5dCyd is then obtained using the relative PAs determined here and the PA of 
dCyd reported in the literature.17  The measured values are compared with theoretical 
results calculated at the B3LYP and MP2(full) levels of theory to evaluate the ability of 
each level of theory for predicting accurate energetics.  
 
10.2 Threshold Collision-Induced Dissociation Experiments 
The TCID behavior of three proton-bound nucleoside dimers, (dCyd)H+(dCyd), 
(m5dCyd)H+( m5dCyd), and (m5dCyd)H+( m5dCyd), was studied using a guided ion 
beam tandem mass spectrometer that has been described in detail previously.18 The 
(xdCyd)H+(ydCyd) proton-bound nucleoside dimers were generated by ESI from 
solutions containing 0.5–1 mM of the dCyd and/or m5dCyd and 1% (v/v) acetic acid in 
an approximately 50%:50% MeOH:H2O mixture. The (xdCyd)H+(ydCyd) ions are 
desolvated, focused, and thermalized in an rf ion funnel and hexapole ion guide collision 
cell interface. The thermalized ions emanating from the hexapole ion guide are 
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extracted, accelerated, and focused into a magnetic sector momentum analyzer for 
mass analysis. Mass-selected (xdCyd)H+(ydCyd) proton-bound dimers are decelerated 
to a desired kinetic energy and focused into a radio frequency (rf) octopole ion beam 
guide. 19 - 21  The octopole passes through a static gas cell where the reactant 
(xdCyd)H+(ydCyd) heterodimers undergo CID with Xe 22 - 24  under nominally single 
collision conditions, ~0.05–0.10 mTorr. The product and undissociated 
(xdCyd)H+(ydCyd) ions drift to the end of the octopole where they are focused into a 
quadrupole mass filter for mass analysis. The ions are detected using a secondary 
electron scintillation detector of the Daly type and standard pulse counting techniques. 
Details of the experimental procedures and thermochemical analysis of experimental 
data are given in Chapter 2. 
 
10.3 Theoretical Calculations 
Candidate structures of the proton-bound dimers of dCyd and m5dCyd were 
generated by simulated annealing using HyperChem25 software with the Amber force 
field as described in detail in Chapter 2.  All structures within 30 kJ/mol of the lowest-
energy structure found via the simulated annealing procedure, as well as others 
representative and encompassing the entire range of structures found were further 
optimized using higher levels of theory. Geometry optimizations and frequency analyses 
of the low-energy structures of these species were performed using Gaussian 0926 at 
the B3LYP/6-31G* and MP2(full)/6-31G* levels of theory. The B3LYP/def2-TZVPPD 
level of theory has been shown to provide slightly more accurate energetics for similar 
proton-bound nucleobase dimers than the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G* 
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levels of theory.14-16 However, frequency analyses at the B3LYP/def2-TZVPPD require 
computational resources beyond those available to us, therefore are not performed 
here. The polarizabilities of the neutral nucleobases required for threshold analyses are 
calculated at the PBE1PBE/6-311+G(2d,2p) level of theory, which has been shown to 
provide polarizabilities that exhibit better agreement with experimental values than the 
B3LYP functional employed here for structures and energetics.27Single point energy 
calculations for the xCyd, H+(xCyd), and (xdCyd)H+(ydCyd) complexes were performed 
at the B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels of theory using 
geometries optimized at the B3LYP/6-31G* and MP2(full)/6-31G*. Zero-point energy 
(ZPE) corrections were determined using vibrational frequencies calculated at the 
B3LYP and MP2(full) levels of theory and scaled by a factor of 0.9804 and 0.9646, 
respectively. 28  To obtain accurate energetics, basis set super-position errors 
corrections (BSSEs) are also included in the calculated BPEs using the counterpoise 
approach.29,30 Details of the theoretical calculations are given in Chapter 2. 
 
10.4 Results 
10.4.1 Cross Sections for Collision-Induced Dissociation 
Experimental cross sections were obtained for the interaction of Xe with three 
(xdCyd)H+(ydCyd), proton-bound dimers, (dCyd)H+(dCyd), (m5dCyd)H+( m5dCyd), and 
(m5dCyd)H+(dCyd). The energy dependent CID cross sections of all three 
(xdCyd)H+(ydCyd) complexes are shown in Figure 10.1.  Over the collision energy 
range examined, typically ~0–6 eV, the primary dissociation pathway observed for the 
proton-bound homodimers corresponds to cleavage of the three hydrogen bonds 
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responsible for the binding in these species, and resulting in loss of the neutral 
nucleoside in the CID reaction 10.1. 
(xdCyd)H+(xdCyd) + Xe → H+(xdCyd) + xdCyd + Xe               (10.1) 
Sequential dissociation pathways involving cleavage of the N-glycosidic bond of the 
H+(xdCyd) product, and producing the corresponding protonated nucleobase (H+(C) or 
H+(m5C)) and protonated 2'-deoxyribyl moiety H+(xdCyd – xC) as the ionic products via 
CID reactions 10.2 and 10.3, are also observed at elevated collision energies.   
H+(xdCyd) + Xe → H+(xC) + [xdCyd-xC] + Xe                    (10.2) 
H+(xdCyd) + Xe → [xdCyd- xC+H]+ + xC + Xe                    (10.3)  
These dissociation behaviors are consistent with previous IRMPD and CID studies of 
isolated protonated nucleosides, including H+(dCyd). CID of the (m5dCyd)H+(dCyd) 
proton-bound heterodimer leads to two primary dissociation pathways that occur in 
parallel and compete with each other, reactions 10.4 and 10.5. 
(m5dCyd)H+(dCyd) + Xe → H+( m5dCyd) + dCyd + Xe             (10.4) 
(m5dCyd)H+(dCyd) + Xe → H+(dCyd) + m5dCyd + Xe              (10.5) 
Sequential dissociation pathways involving cleavage of the N-glycosidic bonds of the 
H+(dCyd) and H+(m5dCyd) primary products, producing H+(C), H+(m5C), and protonated 
2'-deoxyribyl moiety via CID reactions 10.2 and 10.3, are also observed at elevated 
collision energies.  Production of H+(m5dCyd) is energetically favored over production 
of H+(dCyd), indicating that the N3 PA of m5dCyd is greater than that of dCyd. 
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10.4.2 Theoretical Results   
The structures of the ground-state tautomeric conformations of all three proton-
bound nucleoside dimers calculated at the B3LYP/6-31G* level of theory are shown in 
Figure 10.2.  To differentiate the various stable low-energy tautomeric conformations 
of these species lowercase Roman numerals are used to describe the tautomeric 
conformations of the neutral nucleoside, whereas uppercase Roman numerals with a 
“+” sign are used to describe the tautomeric conformations of the protonated 
nucleoside, and both are ordered based on the relative Gibbs free energies at 298 K of 
the low-energy tautomeric conformations of dCyd and H+(dCyd).  As can be seen in 
the figure, As can be seen in the figure, the ground-state structures of all three proton-
bound dimers involve three hydrogen bonds and adopt an anti-parallel configuration of 
the protonated and neutral nucleosides, which is the most commonly observed 
conformation in multi-stranded DNAs.  In the ground state structure, the excess proton 
is bound at the N3 position of the nucleobase of the protonated nucleoside, H+(xdCyd), 
which corresponds to the ground-state I+ conformer of H+(xdCyd).  The cytosine or 5-
methylcytosine nucleobase takes on an anti-orientation relative to the glycosidic bond 
and the sugar is in a C3'-endo sugar configuration.  The neutral nucleoside, xdCyd, 
also exists as the ground-state i conformer in the ground state structures of the proton-
bound dimers.  The orientation of the nucleobase and sugar puckering are similar to 
that of the ground state I+ conformer of the protonated nucleoside, H+(xdCyd).  The 
ground-state tautomeric conformation of the proton-bound dimers is designated as 
I+•••i_3a(AC3, AC3) to indicate that the ground I+ tautomeric conformation of the 
protonated nucleoside, H+(xdCyd), binds to the ground state i tautomeric conformation 
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of the neutral nucleoside, xdCyd or ydCyd.  The underscore 3a designation indicates 
that the binding occurs via three hydrogen-bonding interactions and the protonated and 
neutral bases are bound in an anti-parallel configuration.  The orientation of the 
nucleobase relative to the glycosidic bond and the sugar puckering for the neutral and 
protonated nucleoside are indicated in parentheses.  The upper case letter A indicates 
that the nucleobase takes on an anti-orientation, whereas C3 indicates that the sugar 
moiety is in a C3'-endo sugar configuration.  In the proton-bound (m5dCyd)H+(dCyd) 
heterodimer, the excess proton is bound to the N3 position of m5C, indicating that the 
N3 proton affinity of m5dCyd exceeds that of dCyd. 
 
10.4.3 Threshold Analysis 
The model of equation 2.3 (Chapter 2) was used to analyze the thresholds for 
reaction 10.1 for two (xdCyd)H+(xdCyd) proton-bound nucleoside homodimers and 
reactions 10.4 and 10.5 for the (m5dCyd)H+(dCyd) proton-bound heterodimer. Based 
on the computational results, a loose phase space limit (PSL) TS model31 is applied. 
The results of these analyses are summarized in Table 10.2 and shown in Figure 10.1. 
The thresholds determined are also summarized in Table 10.2. For the homodimers, 
the experimental cross sections for reactions 10.1 are accurately reproduced using a 
loose PSL TS model31 for the (xdCyd)H+(xdCyd)_I+•••i_3a → H+(xdCyd)_I+ + xdCyd_i 
CID pathway.  In the cases of the (m5dCyd)H+(dCyd) heterodimer, the experimental 
cross sections for reactions 10.4 and 10.5 are accurately reproduced using the loose 
PSL TS model31 for the (m5dCyd)H+(dCyd)_I+•••i_3a → H+(m5dCyd)_I+ + dCyd_i and 
(m5dCyd)H+(dCyd)_I+•••i_3a → H+(dCyd)_I+ + m5dCyd_i CID pathways, respectively. 
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The relative N3 PA of dCyd and m5dCyd is also obtained from competitive analyses of 
these dissociation pathways for the proton-bound heterodimer.  
Previously, the PA of dCyd (988.3 ± 8.0 kJ/mol) was measured using kinetic 
method, where the proton-bound heterodimers in the study were generated by ESI.17  
Based on the relative N3 PA of m5dCyd and dCyd measured here, the N3 PA of 
m5dCyd is determined as 994.4 ± 8.4 kJ/mol. 
The entropy of activation, ∆S†, is a measure of the looseness of the TS and also 
a reflection of the complexity of the system. ∆S† is largely determined from the 
molecular constants used to model the energized complex and the TS, but also 
depends on the threshold energy, E0(PSL).  The ∆S†(PSL) values at 1000 K are listed 
in Table 10.2, and vary between 91 and 96 J•K-1•mol-1 across these systems.  The 
large positive entropies of activation determined result from the fact that while the two 
neutral hydrogen bonds contribute to the stability, they also conformationally constrain 
the reactant proton-bound nucleoside dimer such that upon dissociation there is a large 
increase in entropy. 
 
10.5 Discussion   
10.5.1 Comparison of Experiment and Theory 
The BPEs of the three (xdCyd)H+(ydCyd) proton-bound nucleoside dimers at 0 K 
measured here by TCID techniques are summarized in Table 10.1.  Also listed in 
Table 10.1 are the BPEs of the proton-bound nucleoside dimers calculated at the 
B3LYP/6-311+G(2d,2p) level of theory and including ZPE and BSSE corrections. 
Excellent agreement is achieved between the measured and B3LYP/6-311+G(2d,2p) 
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calculated BPEs of the proton-bound dimers as illustrated in Figure 10.3.  The mean 
absolute deviation (MAD) between theory and experiment for the B3LYP/6-
311+G(2d,2p) level of theory is 2.9 ± 2.2 kJ/mol.  The MAD for the B3LYP results is 
almost only half of the average experimental uncertainty (AEU) in these values, 5.6 ± 
0.3 kJ/mol, suggesting that the B3LYP level of theory accurately describes the 
hydrogen-bonding interactions responsible for the binding in these proton-bound 
dimers.  This behavior is consistent with previous TCID studies on similar proton-
bound dimer systems.14-16   
The absolute N3 PAs of dCyd and m5dCyd are determined as 988.3 ± 8.017 and 
994.4 ± 8.4 kJ/mol, respectively, and are in excellent agreement with the B3LYP/6-
311+G(2d,2p) calculated values, 991.6 and 999.6 kJ/mol, respectively. 
 
10.5.2 Influence of Methylation and Sugar Moiety on the N3 PA 
The N3 PAs of C, m1C, m5C, m 215C,16 and dCyd17 previously determined, and m5dCyd 
determined here follow the order: m5dCyd (994.4 ± 8.4 kJ/mol) > dCyd (988.3 ± 8.0 
kJ/mol) > m 215C (979.9 ± 2.9 kJ/mol) > m1C (964.7 ± 2.9 kJ/mol) > m5C (963.2 ± 2.9 
kJ/mol) > C (949.9 ± 2.8 kJ/mol).  Clearly, 1- and 5-methylation and the sugar moiety 
lead to an increase in the N3 PA of cytosine.  This is the expected behavior, and is 
easily understood based on the electronic properties of the methyl and sugar moieties.  
The methyl and sugar moieties are electron donating, and therefore increase the 
electron density within the aromatic ring, leading to stabilization of the positive charge 
associated with the excess proton.  The sugar moiety produces a larger effect on the 
N3 PA than methylation and even dimethylation of cytosine due to its much larger 
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polarizability, and therefore resulting in more significant stabilization of the positive 
charge associated with the excess proton.  The correlation between the polarizabilities 
of xdCyd and the TCID measured absolute N3 PAs are shown in Figure 10.4a.  The 
TCID measured absolute N3 PAs of C, m1C, m5C, and m 215C,16 are also included for 
comparison.  Linear regression fits through the data for C, m1C, and dCyd series as 
well as the analogous 5-methylated series are also shown.  Clearly, 5-methylation 
increases the absolute N3 PA. Additionally, the absolute N3 PAs of xC/xdCyd increase 
as the polarizabilities of xC/xdCyd increase. 
 
10.5.3 Influence of Methylation and Sugar Moiety on the BPEs 
The measured and calculated BPEs at 0 K of the three proton-bound 
(xdCyd)H+(ydCyd) dimers measured here are listed in Table 10.1.  Experimentally, the 
BPEs of both (m5dCyd)H+( m5dCyd) and (m5dCyd)H+(dCyd) proton-bound dimers 
slightly exceed that of the (dCyd)H+(dCyd) homodimer, whereas theory suggests that 5-
methylation of a single cytosine residue exerts almost no effect or leads to a slight 
decrease in the BPE.  Thus, 5-permethylation of cytosine residues should result in 
stabilization of DNA i-motif conformations, but would tend to slightly destabilize DNA i-
motif conformations upon 5-methylation of a single cytosine residue.  This behavior is 
consistent with observations made in previous TCID studies for the analogous proton-
bound dimers of cytosine and 5-methylcytosine.14,15  
The correlation between the BPEs of the (xdCyd)H+(xdCyd) homodimers 
measured here and polarizabilities of xdCyd is illustrated in Figure 10.4b.  The BPEs 
of the (C)H+(C), (m5C)H+(m5C),15 (m1C)H+( m1C), and (m 215C)H+(m 215C)16 proton-bound 
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dimers measured previously are also included in Table 10.1 and Figure 10.4b for 
comparison.  As can be seen from the figure, 5-permethylation of the cytosine residues 
leads to an increase in the BPEs, but the magnitude of the increase decreases as the 
polarizability of xC/xdCyd increases.  The BPEs of the proton-bound dimers also 
decrease as the polarizabilities of xC/xdCyd increase. The BPEs of the (dCyd)H+(dCyd), 
(m5Cyd)H+(m5dCyd), and (m5dCyd)H+(dCyd) dimers are smaller than those of the 
corresponding proton-bound nucleobase dimers, (C)H+(C), (m5C)H+( m5C), and 
(m5C)H+(C), respectively, indicating that the 2'-deoxyribose sugar leads to a decrease in 
the BPE for all these proton-bound nucleoside dimers.  The BPEs of the three proton-
bound nucleoside dimers are also slightly smaller than those of the corresponding 1-
methylated proton-bound nucleobase dimers, (m1C)H+( m1C), (m 215C)H+(m 215C), and 
(m 215C)H+(m1C), indicating that the effect of the 2'-deoxyribose sugar on the BPE is 
slightly greater than that of the 1-methyl substituent.  
 
10.5.4 Implications for the Stability of DNA i-Motif Conformations 
The base-pairing interactions in the proton-bound dimer of cytosine are the major 
forces responsible for stabilization of DNA i-motif conformations. Previous TCID studies 
of proton-bound homo- and heterodimers of cytosine and methylated cytosines found 
that 5-hypermethylation increases the BPE, whereas 1-hypermethylation exerts almost 
no effect on the BPE. Hence, 1,5-dimethylation of both cytosines results in an 
intermediate increase in the BPE. These results suggest that DNA i-motif conformations 
should be stabilized under 5-hypermethylation conditions. This also indicates that 
hypermethylation of CCG repeats, which is the cause of fragile-X syndrome,12,13 occurs 
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to further stabilize i-motif conformations.  In the case of the heterodimers, methylation 
of a single cytosine at the N1, C5 or N1 and C5 positions weakens the BPE, and 
therefore would tend to destabilize DNA i-motif conformations.14-16 In the present TCID 
studies of proton-bound nucleoside dimers, 5-permethylation of cytosine residues 
increases the base-pairing interactions, and thus should stabilize DNA i-motif 
conformations. Experimentally, the BPE of the (m5dCyd)H+(dCyd) proton-bound dimer is 
greater than that of the (dCyd)H+(dCyd) homodimer, whereas theory suggests that 5-
methylation of a single cytosine residue exert almost no effect or slightly decrease in the 
BPE. Thus, single 5-methylation of cytosine residue should lead to minor destabilization 
of DNA i-motif.  However, the BPEs of all (xdCyd)H+(ydCyd) heterodimers are still 
much greater than those of canonical Watson-Crick G•C and dGuo•dCyd and neutral 
C•C and dCyd•dCyd base pairs, suggesting that DNA i-motif conformations are still 
favored over conventional base pairing.  Thus, although 5-methylation of a single 
cytosine residue tends to weaken the base-pairing interactions in the proton-bound 
dimers, the effects are sufficiently small that i-motif conformations should be stable to 
such modifications.  Even though the change in the BPE induced by methylation is not 
large for a single proton-bound dimer, the accumulated effect can be dramatic in 
diseased state trinucleotide repeats associated with the fragile X syndrome where more 
than 230 trinucleotides and hundreds of methylated proton-bound dimers may be 
present.  Because methylation at different positions may lead to an increase or 
decrease in the BPE, the influence of methylation will be seen in the number of 
trinucleotide repeats required to cause structural conversion from canonical Watson-
Crick base-pairing to DNA i-motif conformations. 
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10.6 Conclusions 
Cytosine methylation, one of the most common DNA epigenetic modifications, 
can regulate gene expression by altering the structure and stability of DNA or DNA-
protein interactions. In order to elucidate the effects of cytosine methylation in the 
presence of the 2'-deoxyribose sugar on the base-pairing interactions responsible for 
stabilizing DNA i-motif conformations, the threshold collision-induced dissociation 
behavior of three proton-bound dimers of nucleosides, (dCyd)H+(dCyd), (m5dCyd)H+( 
m5dCyd), and (m5dCyd)H+(dCyd), are examined in a guided ion beam tandem mass 
spectrometer. The only primary dissociation pathway observed for the proton-bound 
nucleoside homodimers corresponds to cleavage of the three hydrogen bonds 
responsible for the binding in these complexes resulting in loss of the neutral 
nucleoside. For the proton-bound nucleoside heterodimer, two primary dissociation 
pathways involving production of the two protonated nucleosides occur in parallel, and 
compete with each other. Thresholds corresponding to BPEs for CID reactions that 
involve simple cleavage of the three hydrogen bonds are determined after careful 
consideration of the effects of the kinetic and internal energy distributions of the 
(xdCyd)H+(ydCyd) and Xe reactants, multiple collisions with Xe, and the lifetime of the 
activated (xdCyd)H+(ydCyd) complexes using a loose PSL TS model. Competitive 
threshold analyses of the two dissociation pathways that occur in parallel for the proton-
bound heterodimer provide the relative N3 PA of 2'-deoxycytidine and 5-methyl-2'-
deoxycytidine.  Theoretical estimates for the BPEs of the (xdCyd)H+(ydCyd) complexes 
and the N3 PA of m5dCyd are determined from calculations performed at the B3LYP/6-
311+G(2d,2p) level of theory. Excellent agreement between experimental and 
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theoretical BPEs and absolute N3 PAs of dCyd and m5dCyd is found for the B3LYP 
level of theory.  5-Permethylation of cytosine residues increases the base-pairing 
interactions in the presence of 2'-deoxyribose sugar, and thus should tend to stabilize 
DNA i-motif conformations.  Experimentally, the BPE of the (m5dCyd)H+(dCyd) proton-
bound dimer very slightly exceeds that of the (dCyd)H+(dCyd) homodimer, whereas 
theory suggests that 5-methylation of a single cytosine residue exerts almost no effect 
or leads to a slight decrease in the BPE.  Thus, 5-methylation of a single cytosine 
residue should lead to minor destabilization of the DNA i-motif.  The BPEs of the 
(dCyd)H+(dCyd), (m5dCyd)H+(m5dCyd), and (m5dCyd)H+(dCyd) nucleoside dimers are 
smaller than those of the corresponding proton-bound nucleobase dimers, (C)H+(C), 
(m5C)H+(m5C), and (m5C)H+(C), respectively, indicating that the 2'-deoxyribose sugar 
destabilizes the base-pairing ineteractions for all of these proton-bound dimers.  The 
BPEs of the three proton-bound nucleoside dimers are also slightly smaller than those 
of the corresponding 1-methylated proton-bound nucleobase dimers, (m1C)H+(m1C), 
(m 215C)H+(m 215C), and (m 215C)H+(m1C), indicating that the effect of the 2'-deoxyribose 
sugar on the BPE exceed that of the 1-methyl substituent.  The BPEs of proton-bound 
nucleoside dimers examined here significantly exceed those of canonical Watson-Crick 
G•C and dGuo•dCyd and neutral C•C and dCyd•dCyd base pairs, suggesting that the 
effects of methylation are not sufficient to destroy DNA i-motif conformations, but may 
alter the number of trinucleotide repeats required to induce structural conversion from 
canonical Watson-Crick base-pairing to DNA i-motif conformations.  Methylation also 
affects the N3 PA of cytosine.  The N3 PAs of cytosine, methylated cytosines, dCyd, 
and m5dCyd follow the order: m5dCyd (994.4 ± 8.4 kJ/mol) > dCyd (988.3 ± 8.0 
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kJ/mol) > m 215C (979.9 ± 2.9 kJ/mol) > m1C (964.7 ± 2.9 kJ/mol) > m5C (963.2 ± 2.9 
kJ/mol) > C (949.9 ± 2.8 kJ/mol), indicating that methylation and the sugar moiety 
increase the N3 PA in proportion to their effect on the polarizability.  The effects of 
methylation of dCyd is consistent with previous observations for the methylated 
cytosines.16  
 
10.7 References 
(1) Crooke, S. T.; Bennett, C. F. Annu. Rev. Pharmacol. Toxicol. 1996, 36, 107. 
(2) Ehrlich, M.; Wang, R. Y. Science 1981, 212, 1350.  
(3) Lister, R.; Ecker, J. R. Genome Res. 2009, 19, 959–966. 
(4) Lister, R.; Pelizzola, M.; Dowen, R. H.; Hawkins, R. D.; Hon, G.; Tonti-Filippini, J.; 
Nery, J. R.; Lee, L.; Ye, Z.; Ngo, Q. M.; Edsall, L.; Antosiewicz-Bourget, J.; Stewart, R.; 
Ruotti, V.; Millar, A. H.; Thomson, J. A.; Ren, B.; Ecker, J. R. Nature 2009, 462, 315. 
(5) Goll, M. G.; Bestor, T. H. Annu. Rev. Biochem. 2005, 74, 481. 
(6) Bird, A. Gene. Dev. 2002, 16, 6. 
(7) Meissner, A.; Mikkelsen, T. S.; Gu, H.; Wernig, M.; Hanna, J.; Sivachenko, A.; 
Zhang, X.; Bernstein, B. E.; Nusbaum, C.; Jaffe, D. B.; Gnirke, A.; Jaenisch, R.; Lander, 
E. S. Nature 2008, 454, 766. 
(8) Gal-Yam, E. N.; Saito, Y.; Egger, G.; Jones, P. A. Annu. Rev. Med. 2008, 59, 267. 
(9) Brena, R. M.; Huang, T. H.; Plass, C. J. Mol. Med. 2006, 84, 365. 
(10) Cooper, D. N.; Youssoufian, H. Hum. Genet. 1988, 78, 151. 
(11) Rideout III, W. M.; Coetzee, G. A.; Olumi, A. F.; Jones, P. A. Science 1990, 249, 
1288. 
  
 
 312 
(12) McLenan, Y.; Polussa, J.; Tassone, F.; Hagerman, R. Current Genomics, 2011, 12, 
216. 
(13) Garber, K. B.; Visootsak, J.; Warren, S. T. Eur. J. Hum. Genet. 2008, 16, 666. 
(14) Yang, B.; Rodgers, M. T. J. Am. Chem. Soc. 2014, 136, 282. 
(15) Yang, B.; Wu, R. R.; Rodgers, M. T. Anal. Chem. 2013, 85, 11000. 
(16) Yang, B.; Moehlig, A. R.; Frieler, C. E.; Rodgers, M. T. submitted to J. Phys. Chem. 
B 2014.   
(17) Armentanoa, D.; De Munnoa, G.; Di Donnaa, L.; Sindona, G.; Giorgib, G.; Salvinib, 
L. J. Am. Soc. Mass Spectrom. 2004, 15, 268. 
(18) Rodgers, M. T. J. Phys. Chem. A 2001, 105, 2374. 
(19) Teloy, E.; Gerlich, D. Chem. Phys. 1974, 4, 417.  
(20) Gerlich, D. Diplomarbeit, University of Freiburg, Federal Republic of Germany, 
1971. 
(21) Gerlich, D. In State-Selected and State-to-State Ion-Molecule Reaction Dynamics, 
Part I, Experiment, C.-Y. Ng and M. Baer, Eds., Adv. Chem. Phys. 1992, 82, 1. 
(22) Dalleska, N. F.; Honma, K.; Armentrout, P. B. J. Am. Chem. Soc. 1993, 115, 
12125. 
(23) Aristov, N.; Armentrout, P. B. J. Phys. Chem. 1986, 90, 5135. 
(24) Hales, D. A.; Armentrout, P. B. J. Cluster Sci. 1990, 1, 127. 
(25) HyperChem Computational Chemistry Software Package, Version 5.0; Hypercube 
Inc: Gainsville, FL, 1997. 
(26) Frisch, M. J.; et al. Gaussian 09, Revision A.1, Gaussian, Inc., Wallingford, CT, 
2009. See Chapter 2 for full reference. 
 
 
 313 
(27) Smith, S. M.; Markevitch, A. N.; Romanov, D. A.; Li, X.; Levis, R. J.; Schlegel, H. B. 
J. Phys. Chem. A 2000, 108, 11063. 
(28) Exploring Chemistry with Electronic Structures Methods, 2nd Ed.; Foresman, J. B.; 
Frisch, Æ.Gaussian: Pittsburg, 1996, p.64. 
(29) Boys, S. F.; Bernardi, R. Mol. Phys. 1979, 19, 553. 
(30) van Duijneveldt, F. B.; van Duijneveldt-van de Rijdt, J. G. C. M.; van Lenthe, J. H. 
Chem. Rev. 1994, 94, 1873. 
(31) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B. J. Chem. Phys. 1997, 106, 4499. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 314 
Table 10.1. Base-Pairing Energies of (xB)H+(yB) Proton-Bound Dimers at 0 K in 
kJ/mol.a 
System TCID 
B3LYPb 
D0 D0, BSSEd 
dCyt, dCyt 159.8 (5.2) 166.8 163.7 
m5dCyt, m5dCyt 162.0 (5.7) 169.5 166.4 
m5dCyt, dCyt 162.6 (5.8) 165.3 162.2 
C, Ce 169.9 (4.6)e 171.7e 168.9e 
m5C, m5Ce 177.4 (5.3)e 176.3e 173.3e 
m1C, m1Cf 170.7 (5.3)f 169.7f 166.8f 
m 215C, m 215C f 172.3 (5.8)f 169.7f 166.8f 
m5C, Cg 163.6 (5.1)g 169.7g 166.8g 
m 215C, m1Cf 160.9 (4.7)f 166.9f 164.0f 
AEU/MADh    5.6 (0.3)        5.7 (2.6)        2.9 (2.2) 
a Present results, uncertainties are listed in parentheses. 
b Calculated at the B3LYP/6-311+G(2d,2p) level of theory including ZPE corrections. 
d Also includes BSSE corrections. 
e Values taken from reference 15 
f Values taken from reference 16. 
g Values taken from reference 14. 
h Average experimental uncertainty (AEU). Mean absolute deviation (MAD) between the 
measured and computed values. 
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Table 10.2. Fitting Parameters of Equation 2.3, Threshold Dissociation Energies at 0 K, 
and Entropies of Activation at 1000 K of Proton-Bound (xdCyt)H+(ydCyt) Dimersa 
CID Product σb n 
E0(PSL)b 
(eV) 
∆E0 
(eV) 
∆S† (PSL)b 
(J mol-1 K-1) 
H+(dCyd) + dCyd 91.2 (6.6) 0.9 (0.05) 1.66 (0.05)  95 (4) 
H+(m5dCyd) + m5dCyd 63.7 (2.4) 1.0 (0.06) 1.68 (0.06)  94 (4) 
H+(m5dCyd) + dCyd 85.1 (8.5) 1.0 (0.05) 1.69 (0.06) 
0.06 (0.03) 
91 (4) 
H+(dCyd) + m5dCyd 51.4 (5.4) 1.0 (0.05) 1.75 (0.07) 96 (4) 
a Present results, uncertainties are listed in parentheses. b Average values for loose PSL 
TS.  
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Figure Captions 
 
Figure 10.1. Cross sections for CID of the (dCyd)H+(dCyd), (m5dCyd)H+( m5dCyd), and 
(m5dCyd)H+(dCyd) proton-bound nucleoside dimers with Xe as a function of collision 
energy in the center-of-mass frame (lower x-axis) and laboratory frame (upper x-axis), 
parts a-c.  Data are shown for the Xe pressure of ~0.1 mTorr. Zero-pressure-
extrapolated cross of the (dCyd)H+(dCyd), (m5dCyd)H+(m5dCyd), and 
(m5dCyd)H+(dCyd) complexes with Xe in the threshold region as a function of kinetic 
energy in the center-of-mass frame (lower x-axis) and the laboratory frame (upper x-
axis), parts d-f.  The solid lines show the best fits to the data using the model of 
equation 2.3 convoluted over the neutral and ion kinetic and internal energy 
distributions. The dotted lines show the model cross sections in the absence of 
experimental kinetic energy broadening for the proton-bound nucleoside dimers with an 
internal temperature of 0 K.   
 
Figure 10.2. B3LYP/6-31G* optimized geometries of the ground state I+•••I_3a(AC3, 
AC3) conformations of seven proton-bound nucleoside dimers including: 
(dCyd)H+(dCyd), (m5dCyd)H+(m5dCyd), and (m5dCyd)H+(dCyd). 
 
Figure 10.3 B3LYP/6-311+G(2d,2p) calculated BPEs of the proton-bound 
(dCyd)H+(dCyd), (m5dCyd)H+(m5dCyd), and (m5dCyd)H+(dCyd) nucleoside dimers 
plotted versus TCID measured values. The black solid diagonal line indicates the values 
for which the calculated and measured BPEs are equal. 
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Figure 10.4. TCID measured absolute N3 PAs of xB at 298 K (in kJ/mol) versus 
calculated polarizability volumes of xB, where xB = C, m5C, m1C, m 215C, dCyd, and 
m5dCyd. The N3 PAs of C, m5C, m1C, and m 215C are taken from reference 16, whereas 
the N3 PA of dCyd is taken from reference 17.  The lines are linear regressions fits to 
the data C, m1C, and dCyd series as well as the analogous 5-methylated species, 
respectively (part a). TCID measured BPEs of (xB)H+(xB) at 0 K (in kJ/mol) versus 
polarizability volumes of xB, where xB= C, m5C, m1C, m 215C, dCyd, and m5dCyd. The 
BPEs of the (C)H+(C) and (m5C)H+(m5C) dimers are taken from reference 15, whereas 
the BPEs of the (m1C)H+(m1C) and (m 215C)H+(m 215C) dimers are taken from reference 
16.  The lines are linear regressions fits to the data C, m1C, and dCyd series as well as 
the analogous 5-methylated species, respectively (part b). 
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CHAPTER 11 
CONCLUSIONS AND FUTURE WORK 
 
11.1 Conclusions 
In the present work, experimental and theoretical studies are performed to probe 
three factors that greatly impact the functional behavior of cytosine: binding of metal 
cations, protonation, and modifications.  The experimental studies make use of infrared 
multiple photon dissociation (IRMPD) techniques to extract structural information, 
whereas threshold collision-induced dissociation (TCID) experiments are carried out 
using our custom built guided ion beam tandem mass spectrometer (GIBMS) to probe 
the energetics of metal cation binding and base pairing. Electronic structure calculations 
at several levels of theory are employed to determine the low-energy structures and 
energetics of all systems of interest and species related to their CID and IRMPD 
behavior. Five alkali metal cation-cytosine complexes M+(cytosine), where M+ = Li+, Na+, 
K+, Rb+, and Cs+ are examined here to characterize the influence of the size of the alkali 
metal cation on the preferred tautomeric conformations and modes of binding to 
cytosine as well as the strength of binding. The effects of protonation and modifications 
on the base-pairing interactions are investigated by studying the proton-bound homo- 
and heterodimers of cytosine and modified cytosines including 5-methylcytosine 
(5MeC), 5-fluorocytosine (5FC), 5-bromocytosine (5BrC), 5-iodocytosine (5IC), 1-
methylcytosine (1MeC), 5-fluoro-1-methylcytosine (1Me5FC), 5-bromo-1-methylcytosine 
(1Me5BrC), and 1,5-dimethylcytosine (15dMeC). Similar TCID studies are also 
performed on proton-bound homo- and heterodimers of 2'-deoxycytidine (dCyd) and 5-
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methyl-2'-deoxycytidine (5MedCyd) to understand the effects of the 2'-deoxyribose 
sugar as well as 5-methylation on the BPE and to determine the PA of 5MedCyd. 
In Chapter 3, five alkali metal cation cytosine complexes, M+(cytosine), where M+ 
= Li+, Na+, K+, Rb+, and Cs+, are studied using IRMPD techniques to examine the 
influence of the size of the metal cation on the structure and tautomeric equilibria of 
cytosine.1 Comparisons of the measured IRMPD spectra to linear IR spectra calculated 
at the B3LYP/def2-TZVPPD level of theory for the three most stable M+(cytosine) 
tautomeric conformations, M+(C1), M+(C3), and M+(C6), are made to determine the 
tautomeric conformations accessed when these complexes are generated by 
electrospray ionization (ESI). In all cases, it is clear that the only tautomeric 
conformation accessed in the experiments is the bidentate M+(C1) tautomeric 
conformation, in agreement with the predicted ground-state structures for these 
complexes. 
 As mentioned above, IRMPD studies of the M+(cytosine) complexes described 
in Chapter 3 suggest that only the ground-state M+(C1) conformation is accessed for all 
five ESI generated M+(cytosine) complexes,1 whereas excited conformations were 
accessed in previous quantitative studies of the strength of binding when the 
M+(cytosine) complexes were generated by fast atom bombardment2 or gas-phase 
three-body condensation of dc discharge generated M+ and thermally vaporized 
cytosine in a flow tube ion source (DC/FT).3 Therefore, the binding affinities of alkali 
metal cations to cytosine are re-examined in the current study using a guided ion beam 
tandem mass spectrometer coupled with an ESI source to elucidate the effects of alkali 
metal cation size on the binding affinities in Chapter 4.4 The bond dissociation energies 
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(BDEs) of the M+(cytosine) complexes are found to decrease as the size of the alkali 
metal cation increases from Na+(0.98 Å) to Cs+(1.67 Å). This behavior is easily 
understood based on the electrostatic nature of the binding.  This behavior is true 
regardless of the method of ion generation, but does not hold when the complexes are 
formed by different methods as found here for DC/FT and FAB versus ESI generated 
ions.  ESI produces solely ground-state M+(C1) complexes, whereas kinetically trapped 
excited tautomeric conformations, M+(C3) and possibly M+(C2), are also generated by 
DC/FT and FAB ionization. 
The second part of this thesis studies is focused on proton-bound dimers of 
cytosine and modified cytosines. In Chapter 5, IRMPD action spectra of four proton-
bound homodimers, (5xC)H+(5xC), where x = H, F, Br, and Me, and three proton-bound 
heterodimers, (C)H+(5xC), where x = F, Br, and Me, were measured in the 3 μm spectral 
range.5  Comparisons of the measured IRMPD spectra to the IR spectra calculated at 
the B3LYP/6-31G* level of theory for the three most stable (5xC)H+(5xC) tautomeric 
conformations, II+•••i_3a, I+•••i_1at, and III+•••i_1pt, are made to identify the species 
accessed in the experiments. In all cases, it is clear that the only tautomeric 
conformation accessed in the experiments is the II+•••i_3a conformation, in agreement 
with the predicted ground-state structures for these complexes and the large difference 
in relative free energies for the excited conformers.  In the case of the proton-bound 
heterodimers, comparisons of the measured IRMPD spectra to the IR spectra 
calculated at B3LYP/6-31G* level of theory for the three most stable (C)H+(5xC) 
tautomeric conformations, II+•••i_3a, i•••II+_3a, and I+•••i_1at, are made to identify the 
conformations accessed in the experiments. In all cases, the ground-state structures, 
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II+•••i_3a, which involve an excited minor tautomer II+ of the protonated base binding to 
the ground-state tautomer of the neutral base, are accessed in the experiments.  The 
first-excited conformers of the proton-bound heterodimers, i•••II+_3a, where the excess 
proton is now bound to the base with the lower PA, and which lie 2.4–7.4 kJ/mol higher 
in free energy, may also be accessed in the experiments, but are likely only present in 
low abundance.  Based on the combination of experimental and theoretical results 
presented here, it is clear that the modifications (both methylation and halogenation) 
alter the relative stabilities of the various conformations of the proton-bound dimers.  
However, their effects are small enough that the preferred tautomeric conformations 
and binding modes are not altered. Calculations performed here suggest that this 
binding is quite strong, 160.3 to 173.4 kJ/mol, and much stronger than typical Watson-
Crick G•C base pairing. Therefore, the base-pairing energies (BPEs) in the ground-state 
proton-bound dimers were determined using the TCID techniques to determine the 
effects of modifications on the strength of binding. The results are discussed in detail in 
Chapters 6 through 10. 
In Chapter 6, the BPEs of five proton-bound homodimers, (5xC)H+(5xC), where x 
= H, Me, F, Br, and I, are measured in a guided ion beam tandem mass spectrometer.6 
The influence of the modifications on the strength of the base-pairing interactions 
correlates well with the electronic properties of these substituents. The electron-
donating methyl substituent stabilizes the positive charge resulting from the excess 
proton and increases the BPE by 7.5 kJ/mol, indicating that hypermethylation of CCG 
repeats, which is the cause of fragile-X syndrome, occurs to further stabilize DNA i-motif 
conformations. In contrast, electron-withdrawing halogens destabilize the positive 
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charge associated with the excess proton, and weaken the BPE by 1.4 to 7.2 kJ/mol, 
and would therefore tend to destabilize DNA i-motif conformations. The BPEs of four 
proton-bound heterodimers (C)H+(5xC), where x = H, Me, F, Br, and I, are measured 
using TCID techniques and the results are presented in Chapter 7.7 Interestingly, the 
BPEs of four proton-bound heterodimers are lower than the BPE of the (C)H+(C) 
homodimer as a result of the unequal sharing of the excess proton in these proton-
bound heterodimers, indicating that any single modification at the 5-position will weaken 
the base-pairing interactions in the proton-bound heterodimers and would therefore tend 
to destabilize DNA i-motif conformations. The magnitude of the decrease in the BPE is 
found to directly correlate with the difference in the N3 PA induced by the 
modification(s). Relative N3 proton affinities (PAs) of the modified cytosines are also 
extracted from the experimental data from competitive analyses of the two primary 
dissociation pathways that occur in parallel for the proton-bound heterodimers of 
cytosine and modified cytosines. Modifications at the C5 position of cytosine clearly 
affect the N3 PA. The N3 PAs follow the order: 5MeC > C > 5IC > 5BrC > 5FC, 
indicating that the electron-donating methyl substituent stabilizes the positive charge 
resulting from the excess proton and increases the N3 PA, whereas electron-
withdrawing halogens destabilize the positive charge associated with the excess proton, 
and lower the N3 PA.  
The effects of methylation on the BPEs and N3 PA are examined further in 
Chapter 8.8 The energy-dependent collision-induced dissociation behavior of seven 
proton-bound dimers, (1MeC)H+(1MeC), (15dMeC)H+(15dMeC), (1MeC)H+(C), 
(15dMeC)H+(C), (1MeC)H+(5MeC), (15dMeC)H+(5MeC), and (15dMeC)H+(1MeC), are 
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examined in a guided ion beam tandem mass spectrometer. In the case of the 
homodimers, 5-permethylation is found to increase the BPE as discussed in Chapter 
6,6 whereas 1-permethylation is found to exert almost no effect on the BPE. Hence, 1,5-
dimethylation of both cytosines results in an intermediate increase in the BPE. In the 
case of the heterodimers, methylation of a single cytosine at the N1, C5 or N1 and C5 
positions weakens the BPE, and therefore would tend to destabilize DNA i-motif 
conformations. The magnitude of the decrease in the BPE is found to directly correlate 
with the difference in the N3 PA induced by methylation. This behavior is consistent with 
the behavior observed for the proton-bound heterodimers studied in Chapter 7. 
Absolute N3 PAs of the methylated cytosines are then obtained via a maximum 
likelihood statistical analysis using the relative PAs determined here and the PAs of 
C9,10 and 1MeC11 reported in the literature. In contrast to its effects on the BPEs, 
methylation of cytosine increases the N3 PA regardless of the position of substitution. 
The N3 PAs of cytosine and the methylated cytosines follow the order: 15dMeC (979.9 
± 2.9 kJ/mol) > 1MeC (964.7 ± 2.9 kJ/mol) > 5MeC (963.2 ± 2.9 kJ/mol) > C (949.9 ± 
2.8 kJ/mol), indicating that N1-methylation has a greater influence on the N3 PA than 
C5-methylation, and the effects of N1, C5-dimethylation on the N3 PA are roughly 
additive.  
In Chapter 9, the threshold collision-induced dissociation behavior of four proton-
bound dimers, (1Me5FC)H+(1Me5FC), (1Me5BrC)H+(1Me5BrC), (C)H+(1Me5FC), and 
(C)H+(1Me5BrC), are examined in a guided ion beam tandem mass spectrometer. 5-
Halogenation is found to decrease the BPE,6,7 but exert almost no effect on the BPE in 
the presence of 1-methylation. Halogenation is found to decrease the N3 PA.7 The N3 
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PAs of cytosine and the halogenated cytosines follow the order: 1MeC (964.7 ± 2.9 
kJ/mol) > 1Me5BrC (959.9 ± 3.3 kJ/mol) > 1Me5FC (955.7 ± 3.3 kJ/mol) > C (949.9 ± 
2.8 kJ/mol) > 5BrC (930.9 ± 3.6 kJ/mol) > 5FC (926.3 ± 3.5 kJ/mol), indicating that 1-
methylation has a greater influence on the N3 PA than C5-halogenation, whereas 
theory underestimates the N3 PA of 1Me5BrC and 1Me5FC and suggests that the order 
should be: 1MeC > C > 1Me5BrC > 1Me5FC > 5BrC >5FC.  
In order to elucidate the effects of cytosine methylation in the presence of the 2'-
deoxyribose sugar on the base-pairing interactions responsible for stabilizing DNA i-
motif conformations, the threshold collision-induced dissociation behavior of three 
proton-bound dimers of nucleosides, (dCyd)H+(dCyd), (5MedCyd)H+(5MedCyd), and 
(5MedCyd)H+(dCyd), are examined in a guided ion beam tandem mass spectrometer 
and presented in Chapter 10. As found for the isolated nucleobases, 5-permethylation 
of cytosine residues increases the base-pairing interactions in the presence of 2'-
deoxyribose sugar, and thus should stabilize DNA i-motif conformations. 
Experimentally, the BPE of the (5MedCyd)H+(dCyd) proton-bound dimer is greater than 
that of the (dCyd)H+(dCyd) homodimer, whereas theory suggests that 5-methylation of a 
single cytosine residue should exert almost no effect or slightly decrease the BPE. 
Thus, single 5-methylation of cytosine residue should lead to minor destabilization of 
DNA i-motif. The relative N3 PA of 5MedCyd and dCyd is 6.1 ± 1.4 kJ/mol, suggesting 
that methylation increases the N3 PA of the nucleoside. This behavior is consistent with 
previous observations for the methylated cytosines.8  Previously, the PA of dCyd (988.3 
± 8.0 kJ/mol) was measured using kinetic method, where the proton-bound 
heterodimers in the study were generated by ESI.12  Based on the relative N3 PA of 
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5MedCyd and dCyd measured here, the N3 PA of 5MedCyd is determined as 994.4 ± 
8.4 kJ/mol. 
The BPEs of all proton-bound dimers examined here, including 20 (xC)H+(yC) 
and three (xdCyd)H+(ydCyd) complexes, are much greater than those of canonical 
Watson-Crick G•C and neutral C•C base pairs, suggesting that DNA i-motif 
conformations are favored over conventional base-pairing.  Thus, although some 
modifications of cytosine residues tend to weaken the base-pairing interactions in the 
proton-bound dimers, the effects are sufficiently small that i-motif conformations should 
be stable to such modifications.  Although the change in the BPE induced by 
modification is not very large for a single proton-bound dimer, the accumulated effect 
can be dramatic in diseased state trinucleotide repeats associated with the fragile X 
syndrome, where more than 230 trinucleotides and hundreds of modified proton-bound 
dimers may be present.  Because modifications at different positions may lead to an 
increase or decrease in the BPE, the influence of modifications will be seen in the 
number of trinucleotide repeats required to cause structural conversion from canonical 
Watson-Crick base-pairing to DNA i-motif conformations. 
 
11.2 Future Work 
The present work aims to apply infrared multiple photon dissociation (IRMPD) 
techniques, quantitative threshold collision-induced dissociation (TCID) methods, and 
electronic structure calculations to obtain accurate structural and energetic information 
regarding three factors that greatly impact the functional behavior of cytosine: binding of 
metal cations, protonation, and modifications. A number of projects could be pursued to 
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further elucidate structural and energetic effects on the noncovalent interactions 
between metal cations and cytosine, or in the DNA i-motif. Several projects are 
described below: 
1) In Chapter 5, the structures of four proton-bound homodimers, 
(5xC)H+(5xC), where x = H, F, Br, and Me, and three proton-bound heterodimers, 
(C)H+(5xC), where x = F, Br, and Me, are studied using IRMPD techniques to determine 
whether modifications of cytosine influence the structural properties and stabilities of its 
proton-bound dimers.5  Two weak bands observed in the measured IRMPD spectra at 
~3230 and 3360 cm-1 for all proton-bound dimers do not exhibit comparable theoretical 
frequencies. Based on current harmonic calculations and experimental results, these 
two unexpected IR features are assigned as the first overtones of the coupled C=O 
stretch, NH2 scissoring, and N3–H in-plane bending.  However, these two unexpected 
bands could also correspond to the anharmonic stretches of the bridging hydrogens or 
protons.  Therefore, anharmonic calculations for the proton-bound dimers could be 
pursued to provide insight into the nature of the modes responsible for these features 
and to improve the theoretical descriptions of anharmonic stretches associated with the 
bridging hydrogens or protons. 
2) In addition to the modified cytosines examined in this work, several other 
modified cytosines such as 4-methylcytosine (4MeC), 4,4-dimethylcytosine (44dMeC), 
2-thiocytosine (2SC), 5-chlorocytosine (5ClC), 5-hydroxymethylcytosine (5hmC), and 5-
formylcytosine (5fmC) could be examined. The first three modified cytosines are 
expected to exert a more dramatic influence on the strength of the base-pairing 
interactions in the proton-bound dimers and hence lead to greater changes in the 
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stability and function of DNA i-motif conformations.  Recent evidence has shown that 
5-chlorocytosine is formed through endogenous processes in areas of tissue 
inflammation, which has long been associated with cancer, and suggesting that 5-
chlorocytosine can also be a significant form of DNA damage in living organisms.13- 15 
Artificial DNA that contains 5hmC can be converted into unmodified cytosines once 
introduced into mammalian cells, suggesting that it may play a role in DNA 
demethylation.16 5-Formylcytosine is an oxidation product of 5hmC, and a possible 
intermediate of oxidative demethylation of DNA from embryonic stem cells.17 Therefore, 
it would be of interest to understand how these important modifications of cytosine 
influences the base-pairing interaction in the proton-bound dimers of cytosine. 
3) To further probe the influence of modifications on the stability of DNA i-
motif conformations, other factors that play roles such as base-stacking interactions and 
steric effects must be considered.  Follow-up work will examine survival yield analyses 
of proton-bound dimers of trinucleotides that are associated with trinucleotide repeat 
disorder diseases.  Present studies have shown that the B3LYP level of theory 
provides accurate estimates for the energetics of the proton-bound dimers, and 
therefore would be suitable for investigating larger and more accurate biological model 
systems.  Information provided by this work including structures, dissociation patterns, 
and relative stabilities of these proton-bound dimers can also facilitate experiments and 
data interpretation for future studies.   
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THEORETICAL AND EXPERIMENTAL STUDIES OF NONCOVALENT METAL 
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Advisor: Professor Mary T. Rodgers 
Major: Chemistry (Analytical) 
Degree: Doctor of Philosophy 
Binding of metal cations to the nucleobases can lead to formation of rare 
tautomers of the nucleobases. The infrared multiple photon dissociation (IRMPD) action 
spectroscopy of five alkali metal cation-cytosine complexes, M+(cytosine), where M+ = 
Li+, Na+, K+, Rb+, and Cs+, are examined using a Fourier transform ion cyclotron 
resonance mass spectrometer (FT-ICR MS) coupled to a free electron laser. This work 
suggests that only the ground-state tautomeric conformations are accessed for all five 
M+(cytosine) complexes when electrospray ionization (ESI) is used as the ionization 
technique.  
Based on the structural information obtained from the IRMPD studies, the binding 
affinities of four alkali metal cations to cytosine are measured using the threshold 
collision-induced dissociation (TCID) techniques in a guided ion beam tandem mass 
spectrometer to understand the effects of the size of the alkali metal cation on the 
strength of binding. The bond dissociation energies (BDEs) of the M+(cytosine) 
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complexes are found to decrease as the size of the alkali metal cation increases from 
Na+(0.98 Å) to Cs+(1.67 Å) as a result of the electrostatic nature of the binding.   
 Base-pairing interactions of proton-bound dimers of cytosine are likely the major 
factor that stabilizes noncanonical DNA i-motif conformations, which are associated with 
Fragile X syndrome, the most widespread inherited cause of mental retardation in 
humans. Modifications of cytosine, such as methylation and halogenation, can influence 
the binding modes and the strength of the base-pairing interactions. The IRMPD action 
spectroscopy of four proton-bound homodimers, (5xC)H+(5xC), where x = H, F, Br, and 
Me, and three proton-bound heterodimers, (C)H+(5xC), where x = F, Br, and Me, are 
examined using a FT-ICR MS coupled to an optical parametric oscillator (OPO) laser 
system. In the case of the proton-bound homodimers, it is clear that the only tautomeric 
conformation accessed in the experiments is the ground-state II+•••i_3a conformation.  
In the case of the heterodimers, the ground-state structures, II+•••i_3a, are accessed in 
the experiments.  The first-excited conformers of the proton-bound heterodimers, 
i•••II+_3a, where the excess proton is now bound to the base with the lower PA, and 
which lie 2.4–7.4 kJ/mol higher in free energy, may also be accessed in the 
experiments, but are likely only present in low abundance.    
Quantitative determination of the base-pairing energies (BPEs) of 20 proton-
bound homo- and heterodimers is also performed using a guided ion beam tandem 
mass spectrometer to elucidate the effects of modifications on the strength of the base-
pairing interactions in the proton-bound dimers. The modified cytosines included in this 
work are 5-methylcytosine (5MeC), 5-fluorocytosine (5FC), 5-bromocytosine (5BrC), 5-
iodocytosine (5IC), 1-methylcytosine (1MeC), 5-fluoro-1-methylcytosine (1Me5FC), 5-
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bromo-1-methylcytosine (1Me5BrC), and 1,5-dimethylcytosine (15dMeC). Relative N3 
proton affinities (PAs) of the modified cytosines are also extracted from the 
experimental data from competitive analyses of the two primary dissociation pathways 
that occur in parallel for the proton-bound heterodimers of cytosine and modified 
cytosines. Methylation clearly influences the BPE of the proton-bound dimers and N3 
PA of cytosine. In the case of the homodimers, 5-hypermethylation is found to increase 
the BPE, whereas 1-hypermethylation is found to exert almost no effect on the BPE. 
Hence, 1,5-dimethylation of both cytosines results in an intermediate increase in the 
BPE. In the case of the heterodimers, methylation of a single cytosine at the N1, C5 or 
N1 and C5 positions weakens the BPE, and therefore would tend to destabilize DNA i-
motif conformations. In contrast to its effects on the BPEs, methylation of cytosine 
increases the N3 PA regardless of the position of substitution. The N3 PAs of cytosine 
and the methylated cytosines follow the order: 15dMeC (979.9 ± 2.9 kJ/mol) > 1MeC 
(964.7 ± 2.9 kJ/mol) > 5MeC (963.2 ± 2.9 kJ/mol) > C (949.9 ± 2.8 kJ/mol), indicating 
that N1-methylation has a greater influence on the N3 PA than C5-methylation, and the 
effects of N1, C5-dimethylation on the N3 PA are roughly additive.  
Halogen substituents produce different effects than methylation due to their 
electron-withdrawing properties.  5-Halogenation is found to decrease the BPE, but 
exert almost no effect on the BPE in the presence of 1-methylation.  Halogenation is 
found to decrease the N3 PA. The N3 PAs of cytosine and the halogenated cytosines 
follow the order: 1Me5BrC (959.9 ± 3.3 kJ/mol) > 1Me5FC (955.7 ± 3.3 kJ/mol) > C 
(949.9 ± 2.8 kJ/mol) > 5BrC (930.9 ± 3.6 kJ/mol) > 5FC (926.3 ± 3.5 kJ/mol), indicating 
that 1-methylation has a greater influence on the N3 PA than C5-halogenation. 
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This work is then extended to study the proton-bound dimers of 2′-deoxycytosine 
(dCyd) and 5-methyl-2′-deoxycytosine (5MedCyd). 5-Permethylation of cytosine 
residues is found to increase the strength of the base-pairing interactions in the 
presence of the 2'-deoxyribose sugar, and thus should stabilize DNA i-motif 
conformations. Experimentally, the BPE of the (5MedCyd)H+(dCyd) proton-bound dimer 
is greater than that of the (dCyd)H+(dCyd) homodimer, whereas theory suggests that 5-
methylation of a single cytosine residue exert almost no effect or lead to a slight 
decrease in the BPE. Thus, 5-methylation of a single cytosine residue should lead to 
minor destabilization of the DNA i-motif. The N3 PA of 5MedCyd is determined to be 
994.4 ± 8.4 kJ/mol, and is 6.1 kJ/mol greater than that of dCyd, 988.3 ± 8.0 kJ/mol, 
suggesting that 5-methylation increases the N3 PA of the nucleoside.  
The BPEs of all proton-bound dimers examined here are much greater than 
those of canonical Watson-Crick G•C and neutral C•C base pairs, suggesting that DNA 
i-motif conformations are favored over conventional base pairing such that the DNA i-
motif conformations should be stable to modification.  In all cases, excellent agreement 
between TCID measured BPEs and N3 PAs and the B3LYP/def2-TZVPPD calculated 
values is found, suggesting that the B3LYP/def2-TZVPPD level of theory can be 
employed to provide reliable energetic predictions for related systems. 
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